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Abstract 
The activation and conversion of carbon dioxide into organic products 
have attracted researchers over the years despite the high 
thermodynamical stability and kinetical inertness of this molecule. 
Although the use of CO2 as a chemical feedstock is unlikely to reduce its 
atmospheric concentration significantly, it may provide access to high-
value products from a sustainable and green source. The achievements 
over the past ten years in this field of transition metal-catalyzed activation 
of CO2 are remarkable. With the rise of new synthetic strategies for the 
CO2 activation, comes the need for mechanistic studies which can help 
the rationalization of the outcomes and thus enable improvements in the 
design of future reaction schemes. In this regard, computational 
chemistry has proven over time to be a powerful tool to gain mechanistic 
information. In particular the computation of reaction pathways using 
Density Functional Theory (DFT) methods is an established method for 
mechanistic elucidation of regio- and stereoselective reactions.  
 In this thesis we set out to study the reaction mechanism for a 
number of transition metal-catalyzed reactions related to the activation of 
carbon dioxide. We chose a few landmark carboxylation reactions and 
also the conversion of cyclic carbonates, which are one of the important 
initial products from CO2 activation. We applied DFT methods combined 
with tools such as microkinetic modeling to clarify the mechanisms. A 
detailed background for this work can be found in chapter 1, where we 
present an overview of the progress that has been made in the area of the 
transition metal catalyzed activation of carbon dioxide including a few of 
the previous DFT-based studies. Chapter 2 describes the theoretical tools 
used throughout the thesis.  
 In chapter 3, the reaction mechanism of palladium-catalyzed allene 
carboxylation reaction was studied. The insertion of allene and CO2 with 
the assistance of AlEt3 is elucidated. The role of AlEt3 in the system 
beyond transmetallating agent is addressed and explained. 
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 In chapter 4, we studied the reaction mechanism of carbon dioxide 
with siloxy silane. The importance of the presence of the seemingly 
innocent counterions in reaction mechanism was explained. The 
interaction of the cationic counterions with the aprotic solvent was also 
found to play a role. 
 In chapter 5, we studied two reactions of cyclic vinyl carbonates 
involving a decarboxylative approach catalyzed by palladium complexes. 
In the first part, we analyzed the conversion of cyclic vinyl carbonates to 
allylic amines by using aniline as the nucleophile. The stereocontrolling 
transition states were examined and the selectivity of the process was 
found to depend on the formation of a six-membered palladacyclic 
intermediate. In the second part of chapter 5 we studied the behavior of 
the same catalytic system in the absence of the nucleophilic amine. It was 
found that the cyclic carbonate reactant can generate a nucleophilic 
intermediate in situ that can undergo a similar reactivity. Two different 
products, containing one or two units of reactant can be formed, and we 
were able to reproduce the selectivity of the process with the use of DFT 
calculations and microkinetic modeling. 
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1.1 Carbon Dioxide 
Carbon dioxide, the most oxidized form of carbon, is thermodynamically 
stable and kinetically inert.  It is a colourless odourless gas consisting of a 
carbon atom covalently bound to two oxygen atoms. It is a linear 
molecule with 16 valence electrons. It does not have a dipole moment due 
to its symmetry, but the two C-O bonds are polarized. The two oxygen 
atoms are nucleophilic and the carbon atom is electrophilic. Although the 
molecule is quite inert, its chemistry is mostly dominated by the 
electrophilicity of its carbon center. It is a weak electrophile, with a mild 
affinity toward nucleophiles and electron-donating reagents. There are 
three resonance structures possible for CO2 as shown in Figure 1.1. 
 
Figure 1.1. Main resonance structures for CO2 
 The activation and conversion of carbon dioxide into organic 
products have attracted researchers over the years (1). Carbon dioxide is 
very stable, and thus special conditions are required to make the reaction 
thermodynamically feasible. Energy rich reagents can be used. Strong 
nucleophilic organometallic complexes, olefins, epoxides, amines, 
hydrogen, etc are applied and converted to oxidized low-energy products 
such as carboxylic acids, carbonates, carbamates, methanol, ethanol, 
formic acid etc (2). External energy inputs may be also applied, such as 
light (photoirradiation) (3) and electricity (electrolysis) (4).  
 Apart from the thermodynamical problem, there is also a kinetic 
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problem, as carbon dioxide is difficult to activate. Catalysis by transition 
metal complexes plays an important role in these conversions. In this case, 
the reactivity mainly proceeds through binding to the transition metal 
center. CO2 activation is in fact the rate determining step in most of its 
reported reactions. 
1.2 Utilisation of CO2 as a C1 Feedstock 
To date, approximately 90% of all carbon atoms in industrial chemical 
synthesis derive from natural gas and petroleum, 9% from coal and only  
1% from renewable resources (5). This is especially troublesome when 
taking into account the dwindling of petroleum feedstocks. Carbon 
dioxide is a renewable, inexpensive, abundant and non-toxic C1 
feedstock which can potentially serve as a useful building block for the 
organic synthesis and industrial applications.  Although the use of CO2 as 
a chemical feedstock is unlikely to reduce its atmospheric concentration 
significantly, it may provide access to high-value products from a 
sustainable and green source. Only 1% of the total abundance of CO2 on 
earth is currently being used for chemical synthesis (6), so there is a large 
potential for application without a shortage of raw material in the 
foreseeable furture.  
 The extended use of carbon dioxide is hindered because its capture 
and storage is expensive. The Kolbe–Schmitt reaction and carboxylation 
reactions using Grignard reagents are well-known chemical fixations of 
carbon dioxide from the early days of chemistry; these non-catalytic 
reactions have many limitations for practical application (7). Catalytic 
reactions are considered to be essential for widening and deepening the 
synthetic utility of CO2. The transformation of alternative, yet unreactive, 
carbon sources originating from the carbon cycle is an important goal of 
catalysis. Effective catalytic systems have developed to tackle the 
unfavorable kinetics for the reduction of CO2 to formic acid, 
formaldehyde, methanol, methylamines, methane and CO (8). Currently, 
CO2 is employed in the chemical industry for the production of bulk 
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chemicals, such as urea, salicylic acid, cyclic carbonates, and 
polypropylene carbonates. Tremendous efforts have been devoted by the 
scientific community for the activation and utilization of CO2 to attain 
and implement the sustainable chemistry. As a result, over the years a 
plethora of methods have been developed for the transformation of CO2 
into value added products. The transition metal catalyzed activation of 
CO2 is of particular interest. The achievements over the past ten years in 
this field of transition metal catalyzed activation of CO2 are remarkably 
noteworthy. 
 Transition metal catalysis makes possible a number of selective 
and atom-economical transformations of CO2. The basic ideas of several 
of the transformations were long known but have undergone substantial 
refinements over the past few decades. In the past, highly reactive 
nucleophiles such as organolithium and Grignard reagents were typically 
utilized for the activation of CO2 to deal with its low electrophilicity. 
These were not so convenient because of sensitivity towards moisture and 
low tolerance with respect to useful functional groups such as ketones, 
esters, aldehydes, nitriles etc. They have been replaced by less reactive 
organometallic reagents and other nucleophiles. The biggest challenge 
was the incorporation of these excellent nucleophiles into the system. 
This was accomplished by using proper complexes of transition metals 
with various ligands which enhance the nucleophilicity. As C-C bonds 
are dominant in organic chemistry, the formation of C-C bonds with CO2 
is of prominent utility and has been a clear target.  
1.3 Coordination Mode in Transition Metal Complexes 
The coordination of carbon dioxide to the metal is the basis of its 
“activation”. Understanding the mode of coordination is thus important, 
and the topic has been analyzed through many stoichiometric experiments 
(9). In principle, five chelating modes are possible when one metal center 
reacts with a single molecule of carbon dioxide (see Figure 1.2). In mode 
I, a metallacarboxylate complex is formed, with a M-C bond being 
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formed by electron transfer from an electron-rich metal center to the 
carbon atom of carbon dioxide. In mode II, a three-membered 
metallacycle complex is formed. This is characterized by the electron 
transfer from the metal center to carbon atom and from the oxygen atom 
to the transition metal. In mode III, coordination of the C-O double bond 
to the metal center occurs, resulting in the the formation of -complexes. 
These three modes generally lead to activation of the CO2 molecule. The 
transfer of electrons from metal center to carbon will populate the LUMO 
of carbon dioxide, which will lose its linearity and adopt a bent structure. 
 
Figure 1.2. Possible coordination modes for CO2 with metal 
Modes IV and V are presented for the sake of completion, although they 
do not participate usually in carbon dioxide activation. The end-on 
coordination in mode IV is associated to the weak interaction between the 
lone pair of one of the oxygen atoms and the metal center. In mode V 
there is a bidentate coordination of two oxygen atoms to the metal center. 
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In these two modes, it is the HOMO of carbon dioxide that plays the main 
role, as elecrons are transferred to the metal center. LUMO is basically 
empty which keeps the linearity of the CO2 molecule as such.  
 The most common coordination mode in complexes active for 
carbon dioxide activation is mode I, with  bonding of the metal to the 
carbon atom. This requires a particular type of transition metal complexes 
with high electron density in the metal and low oxidation state. 
 The first isolated and characterised metal complex with CO2 as a 
ligand was prepared by Aresta and co-workers. In 1975, they synthesised 
Ni(CO2)(PCy3)2 (Cy = cyclohexyl) complex by treating  Ni(PCy3)3 or 
{Ni(PCy3)2}2N2 with CO2 in toluene at room temperature as shown in 
Scheme 1.1. The electron rich Ni(0) was coordinated to the central atom 
of CO2 in 
2
 form . This was the first demonstration that an electron-rich 
metal could activate CO2 (10). 
 
Scheme 1.1: First reported transition metal complex with CO2 as a ligand 
by Aresta and co-workers 
1.4 Transition Metal-Catalysed Activation of CO2  
1.4.1 Formation of Carboxylic Acids 
Carboxylic acids are important structural units that are frequently found 
in a vast array of natural products, and they are highly versatile starting 
materials for the preparation of biologically active compounds and other 
fine chemicals (11). Even though there are well-established conventional 
procedures for the preparation of carboxylic acids such as the oxidation 
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
L
=
 O
, 
S
 
CO
2
 
B 
R-MgBr 
R
-C
O
2
H
 
CO
2
 
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
27 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.2. Selected set of carboxylation reactions (i) A: Insertion 
of CO2 into the sp3-, sp2-, sp- C-H bonds, C-Halogen bonds and C-
O bond (ii) B: Carboxylation of organometallic reagents such as 
organozinc, organotin, organoboranes, organomagnesium, organo-
lithium and organosilanes (iii) C: Reductive carboxylation of 
olefins 
of alcohols or aldehydes and the hydrolysis of nitriles and related 
derivatives (12), a formally simple method for accessing carboxylic 
acids is via CO2 activation (13). In recent years, substantial 
advances in the field of CO2 based carboxylic acid preparation have 
allowed the use of relatively less reactive coupling partners such as 
unactivated organic (pseudo) halides, (hetero)aromatics and 
allylic/benzylic compounds. Scheme 1.2 shows how first-row 
transition metals (Fe, Co, Ni and Cu), second-row transition metals 
(Ru, Rh, Pd and Ag) and third-row transition metals (Ir, Pt and Au) 
have been used for the insertion of CO2 into the sp
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bonds (14), C-Halogen bonds, C-O bonds (15) and nucleophilic 
organometallic reagents (organozinc, organotin, organoboranes, and 
organosilanes) (16) and reductive carboxylation of olefins (17).  
1.4.2. Formation of Cyclic Carbonates  
Another successful application of CO2 activation in the synthesis of 
materials is the catalytic production of industrially important cyclic 
carbonates such as ethylene carbonate (EC), propylene carbonate 
(PC) or polycarbonates by the cycloaddition reaction with the 
corresponding epoxides. These compounds have high commercial 
interest (18). A variety of metal complexes have been shown to 
catalyze these reactions. This includes Al–, Cr–, and Co– porphyrin 
complexes, mono-and bimetallic Al–, Co–, and Cr–salen (salen =N, 
N’-ethylenebis (salicylimine)) complexes (19). Recently, the first 
example of an iron-catalysed copolymerization of propylene 
oxide/CO2 and glycidyl phenyl ether/CO2 has been reported (20).  
Aziridine, which is the nitrogen equivalent of cyclic epoxide, can 
also react with CO2 to form cyclic carbamate, which is the N 
equivalent of cyclic carbonates (21). The cycloaddition of certain 
olefins can also form cyclic carbonates by utilizing CO2 as shown in 
Scheme1.3 (22). 
 A number of these compounds especially 5-member cyclic 
carbonates have a wide range of applications. For instance, in the 
manufacture of CDs, DVDs, eyeglasses, aircraft windows, use as 
green solvents, aprotic polar solvents, additives to gasoline, 
thickeners for cosmetics and electrolytes for lithium batteries (23). 
Cyclic carbonates are moreover used as reactive intermediates for 
the synthesis of several value added products, as they are cheap, 
readily available and nontoxic. They can react with aliphatic and 
aromatic amines, alcohols, thiols, and carboxylic acids (24). Five-
member cyclic carbonates such as ethylene carbonate and  
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Scheme 1.3. Formation of cyclic carbonates and polycarbonates 
using CO2 
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propylene carbonate are very useful for ring-opening 
polymerization. Allyl surrogates, which have a wide range of 
application in synthetic chemistry, can be prepared in situ by the 
decarboxylative approach from cyclic vinyl carbonates. Scheme 1.4 
shows how these allyl surrogates can further undergo cycloaddition 
reactions with imines, isocyanates, formaldehyde or Michael 
acceptors and also react with nucleophiles such as water, or amine 
(25). 
1.4.3. Reductive Functionalization of Carbon Dioxide 
Significant progress has taken place also in the last two decades for 
CO2 reduction. Scheme 1.5 shows how several routes have been 
explored for the synthesis of formic acids and derivatives, methanol, 
hydrocarbons, formaldehyde, ethanol, methylamines, methane, CO, 
dialkoxymethane ether, N-formylation of amines and hydrocarbons 
(26). 
 
 
 
 
 
 
 
 
 
Scheme 1.5. Reduction of CO2 giving high value products 
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Most of the reactions include the use of dihydrogen which is 
considered to be a renewable reducing agent. This method has an 
important appeal as a procedure for the dihydrogen storage. Some 
of these products are excellent fuels in internal combustion engines 
and few of them are useful as raw materials for industrial 
applications. 
1.5. Computational Approach for Mechanistic studies on 
CO2 Activation 
One of the leading goals in contemporary chemical catalysis is to 
improve the efficiency of existing catalytic protocols. This goal can 
be facilitated by improved mechanistic understanding. Combined 
experimental and computational approaches are now being adopted 
to decipher mechanisms of increasing order of complexity. Over the 
years, computational chemistry methods have witnessed a steady 
growth. Our group has been actively involved in this field of 
research for many years (27). The ever increasing computing 
technology has enabled incorporation of the effect of medium and 
other external perturbations in the usual scheme of things. Increased 
reliability of ab initio and density functional computations has 
helped to achieve valuable insights into the structure, property and 
reactivities of molecules and materials. In the present decade, the 
synergy between theory and experiments has become more evident 
than ever before. Knowledge of the stereoelectronic factors 
operating in the key transition states of the reaction can provide 
valuable inputs in the design of new catalytic processes. 
Computational chemistry has been also applied to the study of the 
mechanism of CO2 activation reactions (28). We highlight in what 
follows some studies we consider particularly representative. 
  Yates and co-workers reported the study summarized in 
Figure 1.3 on the copper-catalyzed formation of carboxylate 
compounds from heteroarenes. They found that the coordination of 
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a nitrogen atom in the heteroarene compound could assist the 
cleavage of the adjacent C–H bond (Figure 1.3), leading to the  
 
Figure 1.3. Mechanism emerging from the DFT study by Yates and 
co-workers for the copper-catalyzed formation of carboxylate 
compounds from heteroarenes 
formation of a free carbene which in turn could attack carbon 
dioxide (29).  
 DFT studies carried out by  Lin and co-workers on the NHC-
Cu catalyzed carboxylation reactions of arylboronate esters suggest 
that insertion of CO2 into the Cu–Ar bond is the rate-determining 
step in which nucleophilic attack of  the aryl moiety on CO2 affords 
the new C–C bond (30). The cycloaddition reaction of CO2 with 
epoxides catalyzed by Zn(salphen)/NBu4 X(X= Br, I) affording 
cyclic carbonates was studied by Bo and coworkers. The 
importance of using a binary catalytic system in this reaction was 
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explained by the mechanism presented in Figure 1.4 (31). In a 
recent study in our group, it was shown that silver and gold 
complexes with phosphine or carbene ligands make good catalysts 
for the carboxylation of terminal alkynes which usually carried out 
by copper complexes (32).  
 
Figure 1.4. Mechanism obtained from DFT calculation by Bo and 
co-workers for the cycloaddition reaction of CO2 with epoxides 
catalyzed by Zn(salphen)/NBu4 X(X= Br, I)   
Leitner and coworkers reported a detailed study on the ruthenium-
catalyzed reduction of CO2 to methanol. The calculations shows 
that a sequential series of hydride transfer and protonolysis steps 
can account for the transformation of CO2 via formate/formic acid 
to hydroxymethanolate/formaldehyde and finally methanolate/ 
methanol as shown in Figure 1.5 (31). 
. 
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Figure 1.5. Mechanism emerging from DFT calculations by Leitner 
and co-workers on the ruthenium-catalyzed reduction of CO2 to 
methanol 
1.6 Objectives 
A plethora of methods have been reported over the years for 
the activation and utilization of CO2. Transition metal catalysis 
makes possible a number of selective and atom-economical 
transformations of CO2. The basic ideas of several of the 
transformations have been long known. But detailed mechanistic 
understanding is still scarce. In this thesis we set out to study 
computationally the complete mechanistic details of the selected 
reactions in the area of transition metal catalyzed activation of CO2.  
We will study the mechanism of three different processes 
which we consider representative of modern carbon dioxide 
chemistry. 
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- The carboxylation of allenes by carbon dioxide and 
tri(ethyl)aluminum under catalysis by palladium complexes has 
been studied experimentally by Hazari and co-workers, who have 
carried out a systematic analysis of related stoichiometric processes. 
There are therefore a lot of experimental data, but a mechanism 
able to explain all of them is still missing. In particular, we intend 
to clarify the role of the aluminum salt, which is critical, and the 
requirements for excess amounts of some of the reactants.  
- The stoichiometric conversion of the α-siloxy silanes to α-hydroxy 
acids reported by Sato and co-workers constitutes an interesting 
example of fluoride-induced reactivity. Both carboxylation and 
fluoride reactivity are interesting topics, so we aim to clarify the 
mechanism of the reaction. The fact that the reaction seems to 
require the specific presence of the CsF salt as fluoride source is 
particularly intriguing.  
- The mechanisms for carbon dioxide extrusion from cyclic 
carbonates are also relevant, and we have analyzed them in 
collaboration with the group of Kleij, in our same institute. We are 
in particular interested in the microscopic origin for the high 
selectivity of these palladium-catalyzed processes.  
We expect that our computational studies will contribute to the 
understanding of important details of these reactions, and also to the 
design of more efficient strategies for attaining a more sustainable 
chemistry based on the activation of carbon dioxide. 
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2.1 General Overview 
Computational chemistry is the study of chemical problems using 
computers (1). The choice of the computational method depends on 
various factors which include the type of problem being studied, the 
accuracy required and the availability of computational resources. 
While large systems of biological interest as well as polymers are 
studied using molecular mechanics (MM), high accuracy for 
smaller systems can be achieved with quantum mechanical (QM) 
methods. MM methods rely on the use of force fields which are 
developed on the basis of certain parameters and are specific for 
particular kind of molecules. These methods, implemented in 
programs such as GROMACS, AMBER, CHARMM etc., have 
been extremely useful in enzymatic reactions and drug design.  
Semi-empirical, ab initio and density functional theory (DFT) 
methods fall in the category of quantum mechanical methods and 
are based on the Schrödinger equation. While semi-empirical 
methods are parameterized against experiments, the ab initio 
methods are mostly based on calculations. DFT methods are not 
based on the wave function although they use similar mathematical 
algorithms. DFT methods have emerged are the option of choice for 
the study of reactivity in medium-sized systems like those studied 
in this thesis.  
2.2 The Schrödinger equation  
Quantum mechanics is the fundamental branch of science that 
studies the behaviour of matter and its interaction with energy at the 
atomic and sub-atomic level. Quantum chemistry, the application of 
quantum mechanics to chemistry gives the complete description of 
a molecule which in turn is given by its wave function. The wave 
function is obtained as a solution of the Schrödinger equation; the 
prime equation is quantum chemistry. The time independent 
Schrödinger equation is the one that is most widely used in 
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computational chemistry and depends on the spatial coordinates. 
The wave functions obtained from such an equation are called 
stationary-state wave functions. However, the more general time-
dependent Schrödinger equation is important in studying the 
interaction of light with molecules and thus is an integral part of 
molecular spectroscopy. Just as the Lagrangian or Hamilton 
treatments are key to classical mechanics, the Schrödinger equation 
is fundamental to quantum mechanics. 
The time independent Schrödinger equation is: 
                                            Ĥ   E                             (1) 
For a molecule consisting of N number of nuclei with position R 
and n number of electrons with position r, the Schrödinger equation 
is:  
 Ĥ(R1, R2,….RN, r1, r2,…. rn)  E (R1, R2,……..RN, r1, r2,…. rn)               
         (2)             
The Hamiltonian in atomic units can be written as:  
   
 
 
 ∑
   
  
 
  
 
 
 ∑    
 
  ∑ ∑
  
   
 
 
 
  ∑
    
   
 
    ∑
 
   
 
        (3) 
where MI = mass of the nucleus I, ZI = atomic number of nucleus I.  
                    Ĥ =   N     e     Ne     NN    ee                      (4)  
where   N = operator for the kinetic energy of the nuclei,   e = 
operator for the kinetic energy of the electrons,   Ne = operator for 
the Coulomb attraction between the electrons and nuclei,   NN = 
operator for the repulsion between the nuclei, and   ee = operator for 
the repulsion between the electrons. It should be noted that the 
exact solution for systems containing more than one electron is 
unknown and therefore we require approximations to solve the 
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Schrödinger equation for multielectron systems. 
2.3 The Born-Oppenheimer Approximation 
Due to the presence of the term   Ne, the electronic and nuclear parts 
of the wave function cannot be separated in principle. Since the 
nuclei are much heavier than the electrons, the nuclei can be 
considered to be moving much more slowly than the electrons. We 
can thus assume that the electrons will adapt instantaneously to any 
movement by the nuclei, and the equations can be separated in two 
parts. When solving the electronic part, this means neglecting   N 
and assuming   NN to be a constant in equation (4). This is the Born-
Oppenheimer approximation. 
Thus the wave function can now be written as a product of 
electronic wave function and a nuclear wave function: 
                                    e (r,R) N (R)                               (5)  
The electronic wave function (e) parametrically depends on the 
nuclear coordinates. In other words, a different electronic wave 
function is obtained for every different position of the nuclei. Thus, 
the electronic energy is not a constant and depends on the nuclear 
coordinates (geometry of the molecule). The total energy of a 
molecule can now be calculated by solving the electronic 
Schrödinger equation and adding to it the internuclear repulsion. 
The total electronic energy (and the other properties) is therefore a 
function of the electronic coordinates alone, but parametrically 
depends on the nuclear coordinates. The variation of the total 
electronic energy with the nuclear coordinates gives rise to what is 
known as the potential energy surface (PES). A PES is a Born-
Oppenheimer surface, on which different points represent different 
geometries and their corresponding energies. 
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2.4 Density Functional Theory  
Hartree-Fock-based methods are usually very time consuming for 
systems of the size considered in this thesis. An appealing 
alternative is the Density Functional Theory (DFT) method. This is 
based on the electron density (ρ) which is the probability of finding 
an electron in a volume element dxdydz (2). The electron density is 
an observable which depends on the three spatial coordinates and 
one spin coordinate (3). Current DFT methods are based on the 
formulation given by Kohn and Sham, which is based on two 
theorems given by Hohenberg and Kohn (4). According to the first 
theorem all the properties of a molecule in a ground electronic state 
are determined by the ground state density function. If we can 
determine the electron density function in the ground state we can 
calculate the energy or any other property of a molecule in the 
ground state.  
DFT is relatively faster than HF-based methods and is considered to 
be a good method for solving chemical problems described in the 
current thesis. The main inconvenient for DFT is the lack of a clear 
hierarchy of methods; it is not always clear which functional is 
better for a given problem.  
The electron density for a multi-electron system can be given as: 
                                          ∑   
 
   | |
 
                     (6) 
The energy of a molecule is given as:  
                               [  ]    [  ]                  (7) 
where F is a functional which in turn is a rule that transforms a 
function into a number. The exact functional is unknown, and 
therefore approximate functionals are used in DFT.  
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The energy value can be calculated by the Kohn-Sham (KS) 
equations. In the KS approach, the energy is expressed as a sum of 
terms, of which only one contains the unknown functional. An 
initial guess of the electron density is used to generate initial 
orbitals which then undergo iterative procedure until the 
convergence is obtained. The ground state electronic energy of a 
molecule can be expressed as:  
  [  ]   [  ]     [  ]     [  ]                 (8) 
where, T is the sum of electron kinetic energies, Vee is the potential 
energy due to electron-electron repulsion and VNe is the nucleus 
electron potential energy. The individual energy terms are 
functionals of the electronic density. In this equation only VNe is 
known and can be represented as:  
                   ∫  ( )  ( )                                  (9) 
where,  (r) is the external potential representing the attraction of an 
electron to the nuclei. However, due to the unknown functionals in 
 [ρo] and Vee[ρo], the exact solution is not known.  
To solve equation (8), Kohn and Sham considered a 
reference system in which the electrons do not interact with each 
other. A quantity Δ [ρo] is defined, which is the deviation of the 
real kinetic energy from the kinetic energy of the reference system. 
Similarly, ΔVee[ρo] is defined; which is the deviation of the real 
electron-electron repulsion energy from the classical coulomb 
repulsion energy. 
The two quantities  Δ [ρo] and ΔVee[ρo] can be represented as: 
                    [  ]   [  ]    [  ]          (10) 
    [  ]     [  ]  
 
 
∬
  (  )(  )
   
             (11) 
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Using equations (10) and (11), the ground state electronic energy 
can now be written as:  
   ∫  ( )  ( )     [  ]  
 
 
∬
  (  )(  )
   
        [  ]  
    [  ]                                                                                 (  )                                                                                     
  The exchange-correlation energy (EXC) which includes the 
difference between classical and quantum-mechanical electron-
electron repulsion and difference between the kinetic energy of 
non-interacting system with the real system can now be defined as:  
   [  ]     [  ]      [  ]                       (  ) 
Thus, 
   ∫  ( )  ( )     [  ]  
 
 
∬
  (  )(  )
   
         [  ] 
                                                                            (14) 
The ground state electronic energy can be written in an elaborate 
way as follows:  
    ∑    ∫
  (  )
   
    
 
 
∑ 〈
 
  ( )|   | 
  ( )〉      
 
 
∬
  (  )  (  )
   
         [  ]                   (15) 
where, 
 
   are the KS spatial orbitals.  
The electron density of a real system which is equal to that of the 
reference system can be given as: 
                   ∑ | 
  ( )|
   
                      (16)   
Substituting the above equation 16 in equation 15, will yield the KS 
equations:  
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where   
   are the KS energy levels and     ( ) is the exchange 
correlation potential for a particular electron.  
The KS equation can be further written as:  
   ( )
 
  ( )    
  
 
  ( )               (  )       
where      is the KS operator. This equation can now be solved in a 
way that an initial guess of orbitals is made to first calculate the KS 
operator, which is then used to calculate the coefficients. These 
coefficients are further used to calculate a better density function 
and the process is continued till convergence is obtained.  
The major problem in DFT is to devise approximations to the 
exchange-correlation functionals. Several methods have been 
devised to calculate the exchange-correlation term. One of the 
simplest approximations is the local density approximation, LDA; 
which is based solely on the electron density of a uniform electron 
gas. Assigning different spatial orbitals to the electrons of different 
spins is done in an improved method; local spin density 
approximation (LSDA) (5). A further improvement over the LSDA 
method are the gradient corrected functionals (GGA) (6). In this 
method, both the electron density and its gradient are utilized. In the 
exchange-correlation energy functional, the exchange functional is 
more important and has a much higher contribution to the total 
exchange-correlation energy. GGA functionals are further improved 
by considering the second derivative (Laplacian) of electron density 
in meta-GGA functionals (7). One of the most important pure 
functional which is self-contained and are not combined with any 
other functional keyword components is B97D (8). This is 
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 rimme’s functional including dispersion (9). Most of the studies 
presented in the current thesis, molecular systems are of larger size 
and hence dispersion effects are expected to play a key role. Hence 
B97D is a perfect choice as functional which incorporate the 
dispersion effect.  
2.5 Basis Set 
A basis set is a set of mathematical functions, linear combinations 
of which can be linearly combined to produce the monoelectronic 
functions called molecular orbitals. The mathematical functions are 
basis functions. Most usually they are atom-based, and can be 
related to atomic orbitals. Using the linear combination of atomic 
orbitals (LCAO) approach, the molecular orbital can be represented 
as:  
                
 
 ∑                              (19) 
where, ϕs is an atomic orbital type function. There are different 
mathematical forms for the basis set functions: (a) hydrogen-like 
wave function, (b) polynomial functions, (c) Slater functions, and 
(d) gaussian functions. Slater and gaussian functions are the most 
common choices. The atomic orbitals are better described using a 
Slater function, as they decay exponentially and have the maximum 
value at the zero. In this respect, they resemble hydrogen type 
atomic orbitals. However, the use of Slater functions results in two-
electron integrals which are time-consuming to evaluate. An 
alternative is to use gaussian functions. In Cartesian coordinates, a 
Slater type orbital (STO) (10) and a Gaussian type orbital (GTO) 
(11) can be represented as: 
    
   (     )                            (20) 
    
   (     )             
 
              (21) 
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where a, b and c control the angular momentum, i.e., L = a + b + c 
and ζ   eta  is the orbital exponent and controls the space reach of 
the orbital. The computation of two-electron integrals using 
gaussian type functions is easier because the product of two 
gaussians centered on two atoms is a gaussian centered on a point 
along the axis connecting them. However, gaussian functions 
represent less accurately the atomic wave function. Unlike the 
Slater functions, Gaussian functions do not form a cusp at r = 0 and 
decay much faster at larger values of r. Thus, the regions closest to 
and farthest from the nucleus are not treated properly using the 
Gaussian functions. To circumvent this problem, Boys proposed the 
use of several Gaussian functions instead of one is used to 
approximate the atomic wave function (12). STO-3G is the minimal 
basis function wherein three contracted GTOs are used to 
approximate an STO (13). Contracted GTOs are constructed from 
primitive Gaussians using a fixed linear combination. 
      STO-3G is a minimal basis function in which each atomic 
orbital in an atom is represented by one basis function alone. In a 
double zeta basis set, each atomic orbital is approximated using two 
basis functions. This can be extended to triple-zeta, quadruple-zeta, 
etc. In a split-valence basis set, the core electrons are described 
using one basis function for each atomic orbital and the valence 
electrons which are more important in chemical processes are 
represented using larger number of basis functions (14). A well-
known family of basis sets is that proposed by Pople and co-
workers. In a typical 6-31G basis set, the core electrons are 
represented using one basis function composed of six primitive 
GTOs (hence the 3), and the valence electrons are represented using 
two basis functions. The first basis function (inner shell) is 
approximated using three primitive Gaussians (hence the 3), while 
the second basis function (outer shell) is composed of one primitive 
Gaussian (hence the 1). Thus, for a carbon atom, total of 9 basis 
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functions are used with a split-valence double-zeta basis set.  
Increasing the number of contracted GTOs (CGTOs) may 
not be sufficient to describe the electron distribution. Other 
different types of Gaussians need to be added to approximate the 
density in the molecule. As two atoms approach each other, the 
atomic orbitals can be polarized. For instance, an s orbital can be 
polarized in one direction when it is mixed with a p orbital. 
Similarly, p orbitals can polarize when mixed with d orbitals. 
Adding CGTOs of angular momentum higher than those of valence 
orbitals on an atom helps to increase the flexibility of atoms to form 
chemical bonds. These gaussian functions are known as 
polarization shells. In Pople's family of basis sets, they were 
represented initially using an asterisk ‘*’ for heavy atoms. Adding p 
functions to hydrogen was represented by ‘**’. This labeling has 
however been discouraged and replaced by a (d) instead of '*', and 
(d,p) instead of '**'. In the basis set 6-31G(d), six d functions are 
added per second period atom, resulting in a total of 15 (9+6) basis 
functions. Another type of function is the diffuse functions which 
are recommended for anionic systems (15). Heteroatoms, anions 
and excited state molecules are better described with the addition of 
diffuse functions. In Pople's family of basis sets, these functions are 
represented by a ‘+’ for addition to each valence orbital of heavy 
atoms and by a ‘++’ for addition to hydrogen and helium as well. 
Most of the calculation in the current thesis involves the 
optimization with lower basis set 6-31G(d) (16) and the single point 
calculations with higher basis set 6-311++G(d,p) (17).  
As the size of atom increases, the calculations become more 
expensive due to the large number of two-electron integrals. An 
approximation which is based on the fact that the properties of most 
molecules depend on the valence electrons to a greater extent than 
that of core electrons can be used to speed up calculations. The core 
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electrons and the nuclear potential are replaced by an effective core 
potential (ECP). They have the additional advantage of including 
relativistic effects. The LANL2DZ (Los Alamos NL ECP) (18) and 
SDD basis set (Stuttgart/Dresden ECPs) (19) are applied in 
different chapters in this thesis. 
2.6 Geometry Optimization  
A potential energy surface (PES) expresses the energy of a system 
as a function of its nuclear coordinates. This concept is a 
consequence of the Born-Oppenheimer approximation according to 
which the electronic and nuclear motion can be separated. Different 
points represent in the PES represent different geometries of a 
molecule. Points on the surface where the gradient is zero are 
known as stationary points. In other words, at a stationary point, the 
first derivative of the potential energy with respect to each 
geometric parameter is zero. In a one dimensional PES, energy is a 
function of only one parameter; i.e., bond length. In a PES, where 
the number of parameters to be varied are equal to or more than 
three, results in a hypersurface. In studying a reaction mechanism, a 
key task is the determination of the structure and energy of a 
molecule. Useful stationary points located on a PES correspond to a 
minimum, maximum or a saddle point. A transition state or a first 
order saddle point is a point on the PES, which is a maximum in 
one direction and minimum in all other directions, thereby 
resembling a saddle shaped surface. A transition state connects two 
minima along the minimum energy pathway known as the intrinsic 
reaction coordinates (IRC).  
A stationary point is a point on the PES, where the first derivative 
of energy with respect to each geometric parameter is zero, i.e.,  
                                  
  
   
                               (  ) 
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To characterize this stationary point as a minimum or maximum, 
the second derivative is evaluated.  
For a minimum,  
                                   
   
   
                               (  ) 
In the case of a transition state, equation holds for all values by one, 
where the second derivative is negative, and corresponds to the 
reaction coordinate. For all other q, the second derivative is greater 
than zero. Geometry optimization of a molecule begins by creating 
an initial guess and calculating the first and second derivatives of 
energy with respect to the geometric parameters. The gradient 
matrix is written as:  
                         [
      
      
 
      
]                         (24) 
and the second derivative (also known as force matrix or Hessian) 
is:  
        [
             
            
           
             
          
           
 
            
 
            
 
            
]          (25) 
The diagonalization of the Hessian matrix at a stationary point 
yields eigenvectors and eigenvalues. For a minimum, all 
eigenvalues are positive, and a transition state has a single negative 
eigenvalue. The eigenvector associated with this eigenvalue is 
downhill and a steepest descent from the transition state using mass 
weighted coordinates gives the minimum energy pathway (IRC). It 
should be noted that in the most commonly used optimization 
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algorithms, the Hessian is not calculated for every optimization 
steps, but only updated. The algorithm used in the optimization of 
intermediates and transition states in the present thesis is the Berny 
algorithm which is based on the rational function optimization 
(RFO) method.  
Diagonalization of the Hessian matrix gives the force 
constants for the normal modes of vibration of a molecule. These 
force constants can be used to determine the frequencies by 
including the effect of mass. Since, the frequency calculation 
involves taking the square root of the force constant (equation (26)), 
the transition state has one imaginary frequency.  
                
 
   
√
 
 
                             (  ) 
2.7 Solvation Models 
The chemical processes investigated in the current thesis are all 
carried out in a solvent (20). Thus, to represent the energetics of a 
reaction in a more accurate manner, it is important to consider the 
effect of solvent on the reaction. The effect of a solvent can be 
evaluated using two different models: implicit solvation (21) and 
explicit solvation. As the name suggests, in the explicit solvation 
model, the solvent molecules are explicitly included in the reaction. 
The number of solvent molecules may vary depending upon the 
computational methodology used. While molecular mechanics 
(MM) and combined quantum and molecular mechanics (QM/MM) 
methods can be used to treat large number of solvent molecules, the 
QM methods alone are capable of handling only a few molecules. 
The use of explicit solvation allows the treatment of various 
interactions between a solute and the solvent. The implicit solvation 
model is used for most of the reactions in the thesis which are 
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carried out in solvents such as benzene and DMF. These solvents 
are not likely to interact with the substrate via strong interactions 
and hence can be treated by using a continuum. The solute is placed 
in a pre-generated cavity of certain size and shape within the 
solvent reaction field. Two different models are commonly used for 
the introduction of solvent effects. They are the Polarizable 
Continuum Model (PCM) (22) and the Solvation Model based on 
Density (SMD) (23), which differs in minor technical aspects. The 
SMD method is employed in the current thesis. 
2.8 Boltzmann Distribution and Enantioselectivity 
The Arrhenius and Eyring equations are two extremely important 
equations in transition state theory that correlate rate and 
temperature (24). The higher the temperature, the larger is the 
kinetic energy associated with the molecules which consequently 
helps in crossing activation barriers at a faster rate. According to 
transition state theory the rate of the reaction as given by Eyring 
can be expressed as: 
                              (
   
 
)  (   
   ⁄ )                     (  ) 
where kB, T, h and   
  are the transmission coefficient, Boltzmann 
constant, temperature, Planck constant, and free energy of 
activation, respectively. According to the Boltzmann distribution, 
population of an energy state is related to the temperature as 
follows:  
                         
  
  
  [ [     ]   ⁄ ]                              (  ) 
The potential energy is assumed to be populated according to the 
Boltzmann distribution. However it should be noted that in the 
derivation of the Eyring equation, statistical mechanics is used to 
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make a substitution for the equilibrium constant. A transition state 
is not in equilibrium with the reactants, as it would lead to the 
transition state being sufficiently populated.  
For the problems investigated in the current thesis, no 
accurate measurement of the kinetics has been performed using 
experiments and hence it is difficult to compare the calculated 
activation barriers. However, the success of asymmetric reactions 
which is reported in terms of the enantiomeric excess (ee) can be 
readily evaluated using computational methods. Enantiomeric 
excess is the difference in the mole fractions of enantiomers R and 
S, and can be represented as: XR ‒ XS. If the amount of the two 
enantiomeric products is [R] and [S], the % ee can be further 
expressed as:  
        
[ ]  [ ]
[ ]  [ ]
               (  ) 
According to the Curtin-Hammett principle, the formation of two 
products from preceding interconvertible intermediates depends on 
the relative energies of the transition states and is not influenced by 
the relative energies of the intermediates. Thus, using the 
Boltzmann distribution, the enantiomeric ratio can be calculated 
using the following equation:  
             
 
 
  (   
   ⁄ )                        (  ) 
where  ΔG‡ represents the difference in Gibbs free energies of the 
diastereomeric transition states leading to the R and S enantiomers. 
The % ee can now be calculated as follows:  
    
   (   
   ⁄ )
   (   
   ⁄ )
               (  ) 
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2.9 Kinetic Models 
It is easy to get an idea of the kinetics involved in the reaction by 
comparing energy barriers. However, for mechanisms involving 
non-straightforward kinetics, containing loops, ramifications, or 
large differences in initial concentrations, the use of kinetic models 
may be crucial to understand experimental results (25). In the 
framework of the work presented in this thesis, the rate constants 
for all elementary steps were calculated using the Eyring equation 
(Equation 27). Here the activation energies were determined as the 
difference in free energy between the transition state corresponding 
to a particular state, and the previous intermediate connected to it. 
To illustrate how the simulation is carried out, consider the 
following reaction mechanism for the conversion of A to D. Figure 
2.1 shows the energy profile corresponding to this hypothetical 
reaction 
          
 
  
                TS2 
    Energy 
 
 
 
 
  
Figure 2.1. Free energy profile of the       reaction 
  A 
  B + C 
  TS1 
  D 
  Reaction Coordinate 
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The reaction step from A to B + C is marked as equilibrium since 
the energies of both states are comparable. This is not the case for 
the generation of D, as the reverse barrier is too high to return in the 
intermediate state. In this simple case there are three rate equations 
to consider: (1) the dissociation of A into B and C, (2) the addition 
of B and C to restore A, and (3) the formation of D from C and B. 
Each of these equations has a rate constant associated which can be 
calculated using the energy barrier for each step (e.g. k-1 is 
calculated using the energy difference between TS1 and C + B) 
1.  
  
     
2.    
   
→            
3.    
  
                          
With the elementary step equations, it is simply a problem of 
solving the differential rate equations for all the species involved to 
obtain the profile of their concentrations in time. Normally these 
equations are solved using algorithms. In the work presented in this 
thesis, concentrations profiles were computed using the Acuchem 
software (26). Kinetic simulations were carried out to obtain 
information on reaction mechanisms that do not follow a simple 
kinetic behavior 
2.10 Reference States 
Electronic structure programs calculate thermodynamic properties 
(Enthalpy, Gibbs free energy, entropy, etc.) at some default 
standard state concentration (pressure) and temperature. In the case 
of Gaussian09 this is 1 atm and 298K. According to ideal gas law 
the concentration at these conditions is 0.040874M. The usual 
reference state however is 1 M, so free energy calculations need to 
account for the cost of converting from one concentration to the 
other. Equation (32) shows the straight forward conversion from 
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ideal gas to 1M. 
                   (
         
  
)                 (  ) 
This results in 1.893 kcal/mol. If the number of mols in the 
process (n) is conserved, the conversions cancel out since the free 
energy process id calculated by subtracting the energy of both states 
involved. For any other process however, the correct free energy 
needs to be corrected. This conversion is often neglected in 
computational works as the aim is to obtain qualitative information 
and large entropic errors are expected in addition/dissociation 
process. However when quantitative agreement is expected, the 
conversion becomes necessary.  
2.11 Multilayer Methods 
Sometimes the size of a system becomes too computationally 
demanding for a full DFT calculation. However, computationally 
cheaper methods like force field may be insufficient for the 
description if complex systems are unable to describe the formation 
or breakup of bonds, making the inadequate for simulating 
chemical reactions. Fortunately, for such cases there are methods 
that allow the computation of a system at two or more different 
levels of theory. The region that requires a high level description 
can be calculated at a higher level than the rest of the system. This 
approach is more accurate than using a model system that sacrifices 
all interactions from the surroundings (27). To this end, many 
quantum mechanics/molecular mechanics (QM/MM) strategies 
have been developed (28).  
In a nutshell, in QM/MM approaches a portion of the molecule is 
described using molecular mechanics, while the rest is assigned to a 
more demanding method. Among these strategies, there is the 
ONIOM method (29, 30), which is the QM/MM strategy used in 
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this thesis. In the ONIOM approach the real system is partitioned 
into two regions. The first region consists of atoms composing the 
most important part of the system under study and this part is 
described at the QM level. The rest of the system is described at the 
MM level. Equation 33 shows the scheme of the partition between 
high and low level within the ONIOM approach: 
      (
  
  
)     (    )     (     )     (     )       (  )  
Where the subscripts refer to the level of theory applied, and the 
parenthesis refer to the region of the system being described. Figure 
2.2 shows the ONIOM partition scheme represented as spheres. 
 
 
Figure 2.2. Representation of the ONIOM partition scheme 
The ONIOM scheme indicates that the entire system is calculated 
exclusively at the MM level, and only the model system is 
calculated at the computationally expensive level. One consequence 
of this is that all interactions that involve the outside system (inner 
and outside part) are described at the MM level, which is 
particularly important for non-covalent interactions such as Van der 
Waals forces. Once the partition is defined, any fragment in the 
outer layer that is bonded to the model system is replaced by 
hydrogen in the QM calculation. Therefore, the layers are often 
divided across a single bond to avoid large errors in the partition.  
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2.12 Methods Used in this Thesis 
The specific methods will be discussed in each 
section/chapter, but a general comment is pertinent here. The 
approach adopted in the current thesis involves the use of solvent 
phase calculations (using continuum solvent model) to establish the 
reaction profile by identifying various intermediates and the 
interconnecting transition states for catalytic reactions. Once 
important stationary points on the potential energy surface are 
identified, structural and electronic factors are examined in detail. 
Valuable stereoelectronic features are obtained through such 
analysis. Since the energetics is computed for different steps of a 
multi-step reaction, the most likely pathway is established on the 
basis of the energies. Furthermore, the thermodynamic and kinetic 
features of such reactions are established on the basis of the 
knowledge of the potential energy surface. After studying the 
mechanism in detail, the stereocontrolling transition state is 
examined for the required projects. A thorough conformation 
sampling is carried out for the selectivity determining transition 
state.  
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3.1 Introduction 
The catalytic reaction of carbon dioxide with unsaturated 
compounds was first reported by Inoue and co-workers in  97 's 
   .  ood yields were obtained for the lactone formation from the 
reaction of cyclopropane derivatives with carbon dioxide using 
Pd dba   as the catalyst. Inspired by cross-coupling reactions  a 
series of methods were further developed which involve the 
reaction of CO  with highly reactive unsaturated small molecules 
such as ethylene     and related -systems  3 . In a seminal report 
in        ori and co-workers reported the hydrocarboxylation of 
polyenes such as allenes    . They obtained the    -double 
carboxylation intermediates in good yield  by treating   3-dienes 
and allenes with carbon dioxide  one equivalent of Ni cod   and two 
equivalents of D U   8-Dia abicyclo[5. . ]undec-7-ene . The final 
product was then obtained upon reduction with five equivalents of 
dimethyl  inc.  
The reaction of carbon dioxide with allenes was further 
developed by Takaya and Iwasawa  who reported the regioselective 
hydrocarboxylation of terminal allenes  in the reaction shown in 
Scheme 3.   5 .  
 
 
 
Scheme 3.1. Allene carboxylation reaction reported by Iwasawa 
and coworkers 
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The reaction uses tri ethyl aluminum as reducing agent  and a 
tridendate silyl pincer-type palladium complex as catalyst. This 
process leads to a facile and regioselective synthesis of -
unsaturated carboxylic acids.  emarkably  CO  does not insert into 
the  position of Pd-allyl bond but exclusively into the most 
substituted -carbon. The same methodology was later applied on 
the carboxylation of   3-dienes by the same group  6 . 
The mechanism proposed by this experimental group is 
shown in Scheme 3. . They suggested the presence of a hydride 
complex  PhPSiP Pd-   C   that could be formed from the 
precatalyst  PhPSiP Pd OTf   A  by transmetallation with Al t3 
followed by hydride elimination. Then  the allene substrate could 
undergo hydropalladation to generate an allyl palladium 
intermediate  D . This allyl complex would be attacked by carbon 
dioxide at the γ-position regioselectively    . Finally the 
transmetallation of the palladium carboxylate complex with Al t3  
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.2. Mechanism of the allene carboxylation reaction 
suggested by Iwasawa and coworkers 
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would generate the  PhPSiP Pd  t      species and an aluminum 
carboxylate salt  F . This ethyl complex is the initial species of the 
catalytic cycle  which could then be restarted. The final carboxylic 
acid     could then be obtained outside the catalytic cycle by the 
treatment with acid of the aluminum carboxylate  F . The main 
drawback of this suggested method is that none of the intermediates 
including the key Pd-hydride has been isolated and there is no 
explanation for the observed regioselectivity  7 . 
A similar process  shown in Scheme 3.3  has been reported 
more recently by  a ari and co-workers  8 . There are minor 
differences in the system  as the precursor is directly  cyPSiP Pd-  
 Instead of Ph  here the cyclohexyl group  cy  is bound to 
phosphorus   and the solvent is also different  but the mechanism 
should be similar. The big contribution from  a ari’s work is the 
performance of a number of stoichiometric reactions that allow 
isolation of many intermediates and lead to the proposal of an 
alternative mechanism.  
  
 
Scheme 3.3. Allene carboxylation reaction reported by Hazari and 
coworkers 
The mechanism proposed by  a ari and co-workers is shown in 
Scheme 3. . This mechanism consists of two linked cycles. The one 
in the right-hand of the Scheme is similar to that proposed by 
Iwasawa and co-workers. The one on the left-hand is necessary to 
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account for the observations in the additional stoichiometric 
experiments. The idea is that the hydride intermediate 1 may react 
either with the allene or with carbon dioxide.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4. Mechanism of the allene carboxylation reaction 
suggested by Hazari and co-workers  
We found quite pu  ling that the reaction requires 
specifically tri ethyl aluminum  as other reducing agents are not 
efficient. There are also other aspects in this complex catalytic 
cycle that are not clear.  ecause of this  we decided to analy e the 
system with DFT calculations that have been used in our group for 
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other reactions involving carbon dioxide  9 . 
3.2 Computational Details 
The geometries of all the intermediates and transition states were 
optimized by using a hybrid QM/MM ONIOM method (10) 
employing the Gaussian 09 suite of programs (11). Molecular 
mechanics were used for all the cyclo hexyl group in the catalyst 
(Pd-pincer complex) and quantum mechanics were used for rest of 
the system which involves the chemical process. For the quantum 
mechanical part, we employed the B97D functional (12). The SDD 
basis set
 
(13) with the effective core potential was applied for Pd 
and the 6-31G(d) basis set (14) was used for all other atoms. The 
UFF force field was used for the molecular mechanics part (15). 
Frequency calculations were carried out at the same level of theory 
to identify stationary points as transition or as minima and obtain 
free energy corrections at 298.15 K and 1 atm. Geometry 
optimization of all the stationary points was carried out in the gas 
phase. Transition states were characterized by a unique imaginary 
frequency, which was verified to represent the desired reaction 
coordinate in each case. Connectivity between intermediates and 
transitions states by manual displacement of geometries in case of 
doubt. Potential energies were refined with a higher basis set and 
solvation effects through full QM single point calculations. These 
were done with SDD for Pd and 6-311++g(d,p) for all other atoms 
(16). Implicit solvation (ben ene  ε=  . 7 6  was introduced with 
SMD (17).
 
All the reported energies are free energies in kcal/mol 
calculated with respect to the separated reactants.  
3.4 Results and Discussions 
The computational study used the mechanism proposed by Hazari 
and co-workers as the starting point, but some significant nuances 
were added by the calculation.  
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
78 
 
 Our computed mechanism is shown in Scheme 3.5. It is 
composed of two linked cycles. That on the left, labeled as cycle 1, 
yields a formate metal complex from the reaction between the 
catalyst, carbon dioxide and tri(ethyl)aluminium. This formate 
complex 7 will then interact with allene in the cycle in the right, 
cycle 2, resulting in the carboxylate compound 10. The ligand 
system, 
cy
PSiP is denoted as Ln throughout the chapter. The detailed 
free energy profile diagram corresponds to the first cycle is given in 
Figure 3.1 and that of second cycle is given in the Figure 3.2. 
 The reaction in cycle 1 can be envisaged as beginning with 
the Ln-Pd-H complex 1. This complex is in equilibrium with 1a, an 
adduct with AlEt3. The AlEt3 species present in the system as 
additive will readily coordinate to 1, where the hydride is bridging 
between Pd and Al. This complex is quite stable (-15.2 kcal/mol 
with respect to 1), and we will use it as origin of energies. However, 
1a is not able to advance the reaction, and must revert to 1. The 
hydride complex 1 is indeed able to insert CO2 (18).  
 The most efficient mechanism for the insertion of CO2 
occurs with the assistance of AlEt3. This occurs via two steps. In 
the first step, nucleophilic attack of hydride to the carbon atom of 
CO2 and coordination of AlEt3 into one of the oxygen atoms of CO2 
occur in a concerted fashion to form intermediate 1b, which has an 
energy 2.3 kcal/mol above 1a. This complex isomerizes to complex 
2 containing a Pd-O bond through a low barrier transition state 
t(1b-2) (19). The highest energy in the path from 1 to 2 belongs to 
transition state t(1-1b), corresponding to the formation of 
intermediate 1b, which is 4.0 kcal/mol above reactants. One could 
envisage a direct reaction between carbon dioxide and 1 without 
participation of tri(ethyl)aluminum. This path is shown in Figure 
3.3, and has a highest energy point t(1-1d) 7.8 kcal/mol above 
reactants. This is far above t(1-1b), which confirms a role for AlEt3  
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AlEt3 in lowering the barrier for the fixation of CO2 by the complex.   
  
Figure 3.3. Free energy profile (kcal/mol) diagram for the direct 
CO2 insertion to Pd-H species 
 Complex 2 continues the reaction by forming an adduct 3, 
with an additional molecule of AlEt3. Intermediate 3 is quite stable 
at 31.1 kcal/mol, and the backward reaction from 3 to 1 that had 
been postulated in the experimental proposal has to be discarded 
because forward paths have lower barriers.  
 Complex 3 contains a peculiar (HCO2
-
)(AlEt3)2 in the 
palladium coordination sphere that changes its coordination to 
palladium in complexes 4 and 5, all of them with similar energies. 
Complex 5 is interesting because coordination to palladium is not 
through the oxygen atoms of the formate subunit, but through one 
of the ethyl substituents. This ethyl group is transferred to the 
palladium center to form Pd-ethyl species 6 plus the remarkable 
formate complex 7, containing two aluminum centers and five ethyl 
substituents. The transition state t(5-6a) for this step is only 12.0 
kcal/mol above 5. Complex 6 will continue cycle 1, while species 7 
will be used in cycle 2, discussed below. From the ethyl complex 6, 
the regeneration of catalyst 1a occurs. This is assisted by AlEt3 via 
two steps. The first step is the abstraction of ethyl group by AlEt3 in 
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an SN2 fashion from intermediate 6b, resulting in intermediate 6c. 
In 6c, Pd is stabilized by the hydrogen in the sp
3
 carbon of one of 
the ethyl group in the AlEt4 complex. The second step involves the 
hydride transfer to Pd from the sp
3
 carbon of one of the ethyl group 
 In cycle 2, the allene insertion occurs. Prior to its entrance in 
the catalytic cycle, the allene molecule is activated by the AlEt3 
present in the system to form the AlEt2Pre species (pre = prenyl, 
which is the name of the substituent obtained from allene by 
hydride addition to its central carbon atom. This label will be used 
throughout this section because of the ubiquitous presence of these 
species) (IM2, Scheme 3.6). This activation has a free energy 
barrier of 22.3 kcal/mol, and an energy gain of 7.7 kcal/mol. This 
off cycle step is important, as it contains a species such as IM1 
  
  
Scheme 3.6. Activation of the allene by AlEt3  
where aluminum is coordinated by two ethyls, one prenyl and one 
ethylene group. The prenyl group is in particular activated for 
further reaction. 
 The free energy profile for cycle 2 is shown in Figure 3.2. 
Similar to the formation of 1a from 1, the AlEt2Pre fragment can 
form an adduct with 1 to form 1c. This 1c species acts as a 
thermodynamic sink, as it must revert to 1 before the reaction 
proceeds forward. Next follows a complicated step where 1 
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interacts with the IM1 adduct (from Scheme 3.6), resulting in 
species 8b, containing a Pd-AlEt3Pre unit. The ligand involving 
prenyl and aluminum is rearranged in the next step resulting in 
intermediate 8.  
 The formate complex 7 which was generated in cycle 1 will 
insert to the Pd-prenyl complex (8) in the next step. Here either 
AlEt3 or AlEt2Pre can assist the further reaction pathway depending 
upon the rate of formation of AlEt2Pre (which was generated from 
allene and AlEt3). The profile in Figure 3.2 shows the reaction with 
AlEt3 although a similar one could be reported with AlEt2Pre. C-C 
bond formation by the insertion of formate complex into the most 
substituted carbon of prenyl group in complex 8 produce 
intermediate 9. Subsequent transfer of hydride occurs from the 
ligand to Pd leads to release of product 10 and regeneration of 
catalyst 1. The geometry of the key transition states involved in  
Scheme 3.5 is given in Figure 3.4 
 The generation of the prenyl-substituted AlEt2Pre along the 
reaction path prompted us to investigate if it could play an extended 
role replacing AlEt3. The resulting reaction cycle is shown in 
Scheme 3.7, with the corresponding free energy profiles provided in 
Figures 3.5 and 3.6. The geometry of the key transition states 
involved in Scheme 3.7 is given in Figure 3.7. The reaction is not 
substantially different from the initial proposal. First, the generated 
AlEt2Pre readily coordinates with 1 to form 1c. The CO2 insertion 
occurs after the decoordination of AlEt2Pre from 1c to form 1. The 
CO2 insertion occurs in two steps which are similar as discussed in 
the previous pathway to form 2p. The advantage in this alternative 
cycle is that the prenyl group is naturally incorporated in the 
catalytic cycle. A close examination of the free energy profile 
diagram (Figure 3.5) which corresponds to the green cycle in 
Scheme 3.7 explains that the energy of all the steps involved in the 
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Figure 3.4. Optimized geometries of the key transition states 
involved in the catalytic cycle shown in Scheme 3.5. The relative 
free energies (kcal/mol) are given in parentheses. All distances are 
in Å 
 
t(1-1b) (4.0) t(6c-1a) (-10.6) 
t(8a-8b) (-19.2) t(9b-1) (-19.5) 
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Figure 3.6. Free energy profile (kcal/mol) diagram for the blue 
cycle in scheme 3.7 
 
 
 
 
 
Figure 3.7. Optimized geometries of the key transition states 
involved in the catalytic cycle shown in Scheme 3.7. The relative 
free energies (kcal/mol) are given in parentheses. All distances are 
in Å 
t(9pa-9p) (-37.6) t(1-1p) (-6.0) 
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mechanism is below 20 kcal/mol. The only required step with a 
high barrier is the formation of AlEt2Pre from AlEt3 and allene. 
This means that once the allene is activated into AlEt2Pre, the 
reaction proceeds faster with its assistance. There are of course 
other possibilities combining the two proposed catalytic cycles. 
AlEt3 may participate in the reaction in the beginning and later 
merge to the stable intermediate 3p by the exchange of AlEt3 with 
AlEt2Pre. We have also considered the possible insertion of allene 
prior to the CO2 and it is found that CO2 insertion is energetically  
favorable over allene insertion. In summary, there are a lot of 
possible variations of the same mechanism with similar affordable 
barriers. 
3.5 Conclusion 
A detailed study on the mechanism of the allene carboxylation was 
carried out. The overall reaction barrier is 22.3 kcal/mol, which is 
in agreement with the experimental conditions. Carbon dioxide 
does not seem to insert into the Pd-prenyl complex, as was 
originally proposed. Instead, the aluminum additive has an 
important effect throughout the mechanism, both in carbon dioxide 
activation and in allene activation. The role of the aluminum-based 
Lewis acid goes much beyond the original suggestion as an 
assistant for the transmetallation step through -hydride elimination. 
It may act either in its original AlEt3 form or in AlEt2Pre, with 
different paths possible coexisting in solution. The widespread role 
of this additive in the reaction points to a difficult replacement by 
seemingly similar Lewis acids. 
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The Reaction of Carbon Dioxide with Siloxy Silanes  
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
96 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
97 
 
4.1 Introduction 
Organosilanes have various uses in organic chemistry. They are 
among the most frequently employed protecting groups and they 
are usual intermediates in organic synthesis (1). Moreover they are 
appealing nucleophiles because they are less toxic, and with easier 
preparation and handling than tin or boron reagents. Yet, 
organosilanes display a nucleophilicity three to six orders of 
magnitude lower than other organometallic reagents such as 
organoboranes and organostannanes (2). Carboxylation with 
organosilanes has attracted some attention in the past few years. 
Several organosilanes have been used as nucleophiles for the 
synthesis of carboxylic acid derivatives such as propiolic acid (3), 
benzyl carboxylic acid (4), α-amino acid derivatives (5), 
cyclopropane carboxylic acids (6)  α-hydroxy acid derivatives (7), 
etc. The C-Si bond has low polarity, and needs activation in order 
to be able to attack CO2. One interesting aproach to activation is the 
use of a fluoride source which can generate a carbanion synthon. 
CsF has been a common fluoride source for the activation of the C-
Si bond. Several reactions have been reported for the synthesis of α-
hydroxy acid derivatives (8). We are particularly interested in the 
remarkable method for the synthesis of α-hydroxy acids and esters 
which was recently proposed by Sato and co-workers through 
fluoride-mediated CO2 incorporation to α-siloxy silanes (Scheme 
4.1) (7). One of the interesting features of this process is the use of 
of convenient reactants: the readily available, less toxic and easily 
handed organosilanes reacting with abundant, inexpensive and 
renewable carbon source CO2. The α-hydroxy acid products are 
useful building blocks in organic synthesis (9). They are used in the 
synthesis of species such as glycolic and mandelic acids, which are 
of great commercial significance (10). They can also be used as 
precursors in the preparation of aldehydes via oxidative cleavage 
(11), and have a wide range of applications in the cosmetic industry 
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(12). The reaction mechanism proposed by Sato and co-workers is 
shown in Scheme 4.2. The mechanism assumes a key role for a 
carbanionic intermediate, labeled as im2 in the scheme. 
 
Scheme 4.1. Carboxylation reaction of α-siloxy silane proposed by 
Sato and coworkers 
This intermediate is obtained from an anionic α-silyl alkoxy species 
(labeled as im1) by Brook rearrangement. The Brook rearrangement 
is the intramolecular anionic migration of a silyl group from carbon 
to oxygen in an anionic fragment (Scheme 4.3) (13).
  
 
 
Scheme 4.2. General mechanism for the carboxylation of -siloxy 
silane leading to the final product -hydroxy acid. The key 
carbanionic intermediate im2 is highlighted in a red box. 
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The larger strength of the oxygen-silicon bond compared to the 
carbon-silicon bond provides the driving force for the conversion of 
silyl carbinols (im1, scheme 4.2) to the corresponding silyl ethers 
(im2, Scheme 4.2). The resulting carbanionic intermediate is then  
 
Scheme 4.3. Schematic representation of Brook rearrangement 
able to carry out a nucleophilic attack on CO2 to form the dianion 
(im4, scheme 4.2). The final product  α-hydroxy acid, is then 
obtained by the reaction of dianion with two protons from the acidic 
medium (HCl/H2O which is added during the workup process). 
Although the main mechanistic trends seem clear, there are a 
number of intriguing features in the reaction which may be 
important for the extension of its scope. It would be relevant to 
confirm the existence of the anionic intermediates and to identify 
the rate limiting step. The exact role of the cesium fluoride which is 
in excess is moreover intriguing. The presence of a polar aprotic 
solvent, DMF along with the counterion Cs
+
 has not been shown to 
have any role in the experimentally suggested mechanisms, but this 
issue deserves also exploration.  
All these questions are addressed in this chapter by using DFT. 
Calculations have been previously used in our group in both 
fluoride (14) and carbon dioxide chemistry (15). 
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4.2 Computational Details  
All the calculations were carried out through density functional 
theory (16) with the B97D (17) functional employing the Gaussian 
09 suite of programs (18). Geometry optimization of all the 
stationary points was carried out with an implicit solvent phase 
 D F  ε= 37.  9  introduced with S D   9 . The  AN  DZ      
basis set with the corresponding effective core potential was applied 
for Cs and the 6-31+g(d) (21) basis set was used for all other atoms. 
All intermediates were shown to be connected with the 
corresponding transition states by a manual displacement method. 
Transition states were characterized by a single imaginary 
frequency, which was verified to represent the desired reaction 
coordinate in each case. All the minimum energy structures such as 
the intermediates, reactants and products were confirmed to exhibit 
no imaginary frequency. Gibbs  free energy corrections  were  
computed  at  standard  conditions  of  temperature  (T= 298 K)  
and  pressure  (p= 1 atm).  
4.3 Results and Discussions 
A first set of calculations was carried out on the experimentally 
proposed mechanism, without explicit involvement of the Cs
+
 
counterion and solvent. The reaction follows the proposed 
mechanism shown in Scheme 4.4, with the energy profile shown in 
Figure 4.1. The reaction mainly involves 4 steps: SiMe3 extrusion, 
Brook rearrangement, CO2 insertion and SiMe2Ph extrusion. 
The fluoride anion initially present attacks the α-siloxy silane 
reactant (1) resulting in the formation of adduct 1a. The silyl group 
then coordinates to F through t(1a-2a), which leads to species 2a. 
Intermediate 2a is characterized by the presence of an F-Si bond. It 
is worth noticing here that, according to our calculations, the O-
SiMe3 group is more easily activated by fluoride  
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rather than the C-SiMe2Ph group. This is hardly surprising as the O-
Si bond is expected to be more polar. The silyl group is then 
completely transferred from O to F through transition state (2a-3´a). 
The species 3´a is an adduct between an alkoxy anion and the 
FSiMe3 molecule. The release of the weakly bound FSiMe3 
molecule in 3´a leads then to the α-silyl alkoxy anion 3a. Thus the 
desilylation of SiMe3 group occurs via two steps with transition 
states t(1a-2a) and t(2a-3´a). The in situ formed α-silyl alkoxy 
anion 3a is ready to undergo the Brook rearrangement. In the Brook 
rearrangement, the silyl group is transferred from carbon to oxygen, 
leading to carbanion 4a.  
The carbanion is then able to undertake a nucleophilic attack on the 
central atom of a carbon dioxide molecule through t(5a-6a). The 
carboxylate anion 6a still contains a silyl unit, which is again 
extruded from the system with the help of an external fluoride anion 
via two transition states in a way analogous to the first desilylation 
process. The attack of the second fluoride ion results in the 
formation of adduct 7a. The silyl group is then coordinated to F via 
t(7a-8a) to form the dianion 8a. 8a rearranges through an O-to-F 
silyl transfer in t(8a-9a). The resulting dianion 9a reacts with two 
protons from the acidic medium (HCl/H2O which is added during 
the workup process is the proton source) to result into the desired 
product α-hydroxy acid 9.  
The close analysis of the free energy profile diagram in Figure 4.1 
draws the conclusion that the qualitative features respond to 
expectations, but the quantitative ones do not. The computed kinetic 
barrier for the whole process is 36.3 kcal/mol, the difference 
between the free energies of reactant 6a and t(8a-9a), 
corresponding to the second desilylation step. This is too high for a 
reaction happening at room temperature. The barrier from the 
reactant 1 to the t(2a-3´a), corresponding to the first desilylation 
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step is 27.9 kcal/mol, which is also in the limits of what could be 
deemed acceptable for a reaction at room temperature. It is difficult 
to attribute the discrepancies to the theoretical description of the 
system, as the reaction seems to be electronically rather simple. In 
order to improve the agreement between calculation and experiment 
we decided to reexamine the computational model. 
Fluoride plays certainly a critical role in the process, its strong bond 
to silicon is a thermodynamic driving force for the whole process, 
and plays a key kinetic role favoring the individual silyl transfer 
steps. But fluoride is obviously not introduced as a free anion, but 
as part of a salt, cesium fluoride in the experimental case we are 
studying. We considered thus the role that the introduction of an 
explicit cesium cation in the computational model may have in the 
overall process (22). The introduction of a naked cesium cation 
would still be misleading, as it is likely coordinated by DMF 
solvent molecules (23).  
4.3.1 Coordination of DMF to the Cs Cation 
In order to evaluate how many solvent molecules are directly 
coordinated to Cs
+
, we evaluated the free energy in DMF solution 
 ε=37.  9  associated to reactions of the type: 
Cs(DMF)n-1
+
 + DMF  Cs(DMF)n
+
 
We carried this calculation for values of n between 1 and 6. It was 
found that the optimal value was 4. The G value was negative for 
values of n between 1 and 4, but positive with n values of 5 and 6. 
This means that the addition of a fifth molecule to the solvation 
sphere is not favorable.  
The favored structure corresponds thus to Cs(DMF)4
+
, with a 
tetrahedral arrangement around the metal, as shown in Figure 4.2. 
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Figure 4.2. Optimized structure for the Cs
+
 Cation Surrounded by 4 
molecules of DMF at the B97d/6-31+G(d) level of theory. 
The DMF molecules coordinate to the metal through the nitrogen 
atom. We repeated then the same treatment with the fluoride anion, 
and found that it is not coordinated by DMF.  
4.3.2 Explicit Inclusion of Cs(DMF)4
+
 Complex into the 
Reaction Mechanism 
We incorporated the Cs(DMF)4
+ 
complex explicitly into our 
reaction system. We also needed to find out the number of solvent 
molecules that coordinate Cs
+
 when bound to the system. We found 
that the favored number of coordinating solvent molecules in this 
case is two. That is, two molecules of DMF accompany Cs
+ 
when it 
coordinates to intermediate 1a to form intermediate 1b. This is 
because two of the phenyl groups in the substrate 1a also coordinate 
with the Cs
+
 center. The interaction between Cs(DMF)2
+
 and 
intermediate 1a, resulting in adduct 1b, is highlighted in Figure 4.3. 
The Cs
+
 center has favourable cation- interactions with the two 
phenyl groups in α-siloxy silane. We have applied the same strategy 
of involving counterion and solvent in all intermediates and the 
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Figure 4.3. Optimized geometries of intermediates 1a and 1b at the 
B97d/6-31+G(d) level of theory. The relative free energies with 
respect to the separated reactants are provided in parentheses. 
 
transition states along the entire reaction pathway. The mechanism 
computed when introducing the cesium species is summarized in 
Scheme 4.5 and Figure 4.4. The basic mechanistic steps are the 
same discussed above (in Scheme 4.4) for the reaction without 
cesium. But there are significant quantitative differences in the free 
energy profile.   
It was clear from the observation of Figure 4.2 that the highest 
barriers corresponded to the first and second desilylation steps 
when considering the reaction without counterion. We focus thus 
our analysis of Figure 4.4, with the counterion, on these two energy 
barriers. For the first desilylation transition state, t(2b-3´b) the 
barrier is 21.7 kcal/mol (measured from 1b), clearly below the 27.9 
kcal/mol associated to transition state t(2a-3´a). The structures of 
transition states t(2a-3´a) and t(2b-3´b) are given in Figure 4.5. 
The lowering of the barrier can be tracked down to the stability of 
adduct 1b, which is 12.5 kcal/mol more stable than the separate 
1b (-12.5) 1a (5.6)                     
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t(2a-3´a) (27.9) 
 
t(2b-3´b) (9.2) 
Figure 4.5. Optimized geometries of transition states t(2a-3´a) and t(2b-
3´b) corresponding to first desilylation step at B97d/6-31+G(d) level of 
theory. The relative free energies with respect to the separated reactants 
(kcal/mol) are provided in parentheses. 
reactants. This is in sharp contrast with 1a, without Cs
+
, which was 5.6 
kcal/mol above reactants. This 5.6 kcal/mol penalty is no longer required 
when cesium is introduced in the system, which leads to a lower barrier 
for this step. The effect for the second desilylation is even more dramatic. 
A superior stabilization of the intermediates and transition state is 
observed after the introduction of second Cs(DMF)2
+ 
and F
- 
into the 
system prior to the second desilylation step. In particular, 7a which was 
5.2 kcal/mol above 6a, intermediate 7b is 26.3 kcal/mol below 6b. The 
strong cation-anion interaction between the two carboxylate oxygens and 
the two Cs
+
 centers is the key factor explaining the stabilization of this 
intermediate, as can be seen in Figure 4.6. Even more critical is the 
improvement in the barrier associated to transition state t(8b-9b), 
corresponding to the second desilylation. In this case, the barrier with 
cesium is 18.1 kcal/mol (measure from 7b). This is a very substantial 
improvement from the 36.3 kcal/mol difference between 6a and t(8a-9a) 
(Figure 4.7, Left). The key difference seems related to a specific  
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Figure 4.6. Optimized structure for the intermediate 7b, which is 
surrounded by 4 molecules of DMF  and 2 Cs
+
 at b97d/6-31+G(d) level of 
theory. The relative free energies with respect to the separated reactants 
are provided in parentheses. 
 
stabilization of the transition state t(8b-9b) (Figure 4.7, Right) with 
respect to the preceding intermediate 8b. The release of the FSiMe2Ph 
  
Figure 4.7. Optimized structure for the transition states t(8a-9a) and t(8b-
9b) at the B97d/6-31+G(d) level of theory. The relative free energies 
(kcal/mol) with respect to the separated reactants are provided in 
parentheses. 
7b (-59.4) 
t(8a-9a) (23.6) t(8b-9b) (-41.3) 
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molecule leaves a more anionic character on the oxygen center, which in 
turn strengthens its interaction with the positive charge at cesium. The 
remaining highest barrier in the catalytic cycle is then 21.7 kcal/mol 
corresponding to the first desilylation step, which is fully compatible with 
the experimental observation of a reaction taking place at room 
temperature. The presence of Cs
+
 is thus critical for the reaction to take 
place. It stabilizes sufficiently the key transition state for the reaction to be 
complete. The importance of the presence of the seemingly innocent 
counterions in reaction mechanisms is in this way confirmed (24). 
4.4 Conclusions  
The mechanism of the fluoride-assisted carboxylation reaction 
between α-siloxy silanes and carbon dioxide to form α-hydroxy acids has 
been computationally characterized. Calculations confirm the fundamental 
role of a Brook rearrangement step, where a silyl group is transferred from 
carbon to oxygen, resulting in a carbanionic intermediate. This 
carbanionic center is responsible for the low barrier nucleophilic attack on 
the central atom of carbon dioxide. Calculations have also revealed the 
unexpected importance of the cesium cation in the reaction. In particular, 
the seemingly innocent counterion in the fluoride salt plays a critical role. 
The interaction of cationic counterion, Cs
+
 with the polar aprotic solvent 
DMF is also studied. The counterion is introduced not as a naked cation, 
but as a complex with solvent system. The cesium cation that was used in 
experiment has to be explicitly considered in the calculation in order to 
reproduce the experimental result.  
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Chapter 5 
 
Conversion of Cyclic Carbonates into Allylic Amines 
and Allylic Aldehydes 
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5.1 Introduction 
Highly stereoselective construction of multi-functionalized tri- and tetra-
substituted olefin scaffolds continues to be a major challenging task (1). 
Recently, attention has been given to the use of cyclic carbonates as 
intermediates in various organic synthesis which include the construction 
of multi functionalized olefins (2). The transformation of cyclic organic 
carbonate into various valuable organic molecules is thus an important 
ongoing research in the organic chemistry community. Decarboxylative 
functionalization of cyclic carbonate with suitable electrophiles such as 
Michael acceptors (3) is reported to be feasible under mild reaction 
conditions giving access to furans (3a), tertiary vinylglycols (3b), and 
highly functional pyrrolidines (3c). A key to the success of this approach 
has been attributed to the postulated in situ formation of  witterionic π-
allyl-Pd species as an intermediate upon CO2 extrusion (Scheme 5.1) (4). 
 
 
 
 
 
 
Scheme 5.1. Reaction of electrophile and vinyl cyclic carbonate/ 
carbamate including the postulated zwitterionic intermediate. 
The charge-separated  witterionic π-allyl-Pd should in principle possess 
ambivalent reactivity, with the Pd-allyl fragment being able to react in the 
central or terminal carbons. In fact, this fragment has been shown to be 
highly electrophilic and amenable to react with nucleophiles also such as 
water, amines, thiols etc (5), yielding diverse substituted olefins (Scheme 
5.2). Nucleophilic attack of the allyl fragment into vinyl cyclic carbonates 
(6) and in to the internal carbon center of the allylic intermediate has also 
been proven as feasible (7). 
Specifically, the attack of amine nucleophile to insitu generated allylic 
species selectively generates Z-allylic amine scaffolds as the product 
(Scheme 5.3, part 1) (4a). Even in the absence of any nucleophiles and  
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Scheme 5.2. Reaction of nucleophile and vinyl cyclic carbonate with 
indication of the postulated mechanism 
electrophiles, cyclic vinyl carbonates are able to convert into Z-allylic 
aldehydes (Scheme 5.3, part 2). Since this area of research is currently in 
sharp growth, we believe that the mechanistic understanding of the origin 
of stereoselectivity in these reactions will open up new synthetic  
 
 
 
  
 
 
 
 
 
Scheme 5.3. Conversion of cyclic vinyl carbonates to allylic amines and 
allylic aldehydes 
opportunities for the further construction of highly functionalized allylic 
amine and other olefin compounds. Computational approaches have been 
successful in mechanistic studies on palladium chemistry (8), selectivity 
(9) and in processes involving carbon dioxide (10). This chapter presents 
our computational studies on the mechanism of the palladium-catalyzed 
stereoselective formation of highly functionalized tri- and tetra-substituted 
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Z-allylic amines from cyclic vinyl carbonates (part1) and the 
decarboxylative construction of highly functionalized allylic aldehydes 
involving Csp
3
-Csp
3
 bond formation from cyclic vinyl carbonates (part2).   
5.2 Computational Details 
All the calculations were carried out by using density functional theory 
method (11) with the b97d
 
functional (12) by employing the Gaussian 09 
suite of quantum chemical program (13). Geometry optimization of all the 
stationary points was carried out with an implicit solvent phase  D F  ε= 
37.219) introduced with SMD (14). Two different basis sets were used. In 
basis set I, the SDD
 
(15) basis set with the effective core potential was 
applied for Pd and the 6-31g(d) basis set was used for all other atoms (16). 
This basis set I was used for the geometry optimizations and frequency 
calculations. The transition states were characterized by a single 
imaginary frequency, which was verified to represent the desired reaction 
coordinate in each case. All the minimum energy structures such as the 
intermediates, reactants and products were confirmed to exhibit no 
imaginary frequency. Single point calculations of the potential energy 
were carried out, also in solution, with a more extended basis set II, 
consisting of the SDD basis set for Pd and the 6-311++g(d,p) basis set for 
all other atoms (17). Potential energies in solution computed with basis set 
II were then added to free energy corrections computed with basis set I to 
result in the free energies reported in the text. Conformational searches 
were carried out for most compounds, and only the most stable 
conformers are reported in most cases. Gibbs free energy corrections were 
computed in a first stage at ideal gas conditions of temperature (T= 298 K) 
and pressure (p= 1 atm). In part 2, where a microkinetic model was 
applied, the reference state was corrected to 1 M for all species. The 
kinetic simulation in part 2 was carried out with the Acuchem software 
(18). 
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Part 1 
 
Palladium-Catalyzed Transformation of Cyclic 
Carbonates to Z-Allylic Amines 
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5.3 Pd Catalyzed Transformation of Cyclic Carbonates to Z-
Allylic Amines 
Allylic amines are fundamental building blocks in organic chemistry and 
their synthesis is an important industrial and synthetic goal (19). 
Significant progress has been observed in recent years in their synthesis. 
Metal-catalyzed conversion of allylic compounds has emerged as a 
powerful and practical methodology for the construction of E-selective, -
mono-substituted allylic amine scaffolds (Scheme 5.4, route I). The most 
attractive routes towards such allylic amines include conventional allylic 
substitution reactions (20), hydroamination of dienes (19g, 21), and more 
recently developed CH bond activation/functionalization strategies (22). 
Most of these processes are effective towards the preparation of E-allylic 
amines with limited potential to introduce three or four different 
substituents on the olefinic unit in a stereocontrolled fashion. Despite 
notable progress in this area, the development of a general methodology 
towards a stereoselective synthesis of highly functionalized tri- and tetra-
substituted allylic amines based on metal cataly ed “allylic chemistry” 
(Scheme 5.4, route II) presents a fundamental and practical challenge yet 
unresolved (23). Various methodologies towards the formation of -
disubstituted allylic amines have been developed (Scheme 5.2, route II; R
3 
= R
4
 = Me in most reported cases) (20m-o, 21a-d, 24) avoiding the 
formation of stereochemical mixtures and leaving rather limited potential 
for post-functionalization. 
  imited methodologies other than those based on “allylic chemistry” 
have been developed towards the preparation of stereodefined, highly 
substituted allylic amines (25).
 
These synthetic approaches generally 
require the use of sensitive metal reagents, (25a, 25c) stoichiometric 
amounts of additives (25a-d, 25f), or the use of synthetically challenging, 
stereodefined tri-substituted allylic surrogate precursors as starting 
materials (25e, 25f). These features adversely affect the accompanying 
waste profiles of such strategies and may limit their practical application 
and/or scale-up. Highly functionalized allylic amine and/or olefin 
scaffolds have been identified as useful building blocks/reaction partners  
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Scheme 5.4. Metal catalyzed transformations of allylic intermediates 
(1, 26). Pd-catalyzed conversion of allyl surrogates readily obtained from 
cyclic vinyl carbonates is a promising method. Indeed, the reactions 
experimentally observed in the group of Kleij with species r1 (Scheme 5.5) 
constitute the first general and practical methodology for the 
stereoselective synthesis of tri-and tetra-substituted allylic amines. Product 
p1 is obtained by appropriately tuning the ligands L1, the metal precursor, 
and the reaction conditions (Scheme 5.5). The ligand derives from the so-
called White catalyst and is also shown in the Scheme. Nucleophilic attack 
by amines on the hypothetic allylic fragment, k1 (5, 6) is the key for the 
stereocontrolled formation of -disubstituted allylic amines. The product, 
p1 is characterized by a high level of stereo-control towards the (Z) 
isomer. These rare conversions have excellent stereoselectivity, 
operational simplicity, mild reaction conditions, wide scope in reaction 
partners and provide access to a wide range of complex allylic amine 
scaffolds. Reactant r1 may be replaced by H-substituted cyclic vinyl 
carbonates, while keeping excellent stereoselectivity. But the reaction of 
r1 is especially appealing because of the exclusive formation of the Z-
configured allylic amine. The (Z)-1,4-amino-alcohols p1 are desirable 
precursors towards the synthesis of a wide variety of 1,4-diamines. Such 
compounds are of potential biological interest but are typically more 
difficult to prepare stereoselectively than vicinal diamines (27).  
 The mechanism reported in Scheme 5.5 provides a rationale for the 
formation of the products, but is a bad fit for the selectivity of the reaction. 
The allyl may be in principle obtained with either face pointing to the 
metal, and the attack of the nucleophile will take place from the opposite 
side. Intrigued by the high level of stereochemical control in the formation 
of the allylic amine products, we decided to rationalize the stereocontrol 
by performing mechanistic studies using computational methods.  
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Scheme 5.5. Pd-catalyzed transformation of cyclic carbonates to Z-allylic 
amines. Reaction reported by Kleij and co-workers. 
In this part 1 of chapter 5, we have delineated the mechanistic details of 
palladium catalyzed transformation of cyclic carbonates to Z-allylic 
amines. 
5.3.1 Results and Discussions 
 
5.3.1.1 Pathway for the Formation of Z-Allylic Amines 
The energetically preferred pathway for the formation of Z-allylic amines 
from cyclic carbonate is given in the simplified Scheme 5.6 and a detailed 
energy profile is shown in Figure 5.1. The reaction can be envisaged to 
begin with an active catalyst t1, which is derived from the White catalyst 
precursor and DPEPhos (L1) ligand. The t label in t1 makes reference to 
theoretical and we introduce it to represent our computed intermediates 
which are only seldom isolated experimentally. The initial steps of the 
reaction are as expected, i.e., the reduced form of the White catalyst t1 
coordinates with the vinyl double bond to yield intermediate t2. Then an 
oxidative cleavage of the cyclic carbonate takes place via t(2-3). There is a 
formal transfer of two electrons from the Pd center to the organic substrate, 
and the resulting intermediate t3 contains an allylic group attached to an 
open carbonate. Up to this intermediate t3, our calculations closely follow 
previous mechanistic postulations on related processes (3). Isomerization 
of t3 through a  interconversion process leads to intermediate t4. 
The detailed free energy profile diagram for this isomerization is given in 
Figure 5.2. Initially, the anti-configured allylic group on t3 will  
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Scheme 5.6. Computed overall mechanism for the formation of Z-
configured allylic amine p1 
isomerize to the anti-configured allylic isomer t15. Intermediate t15 is 
now capable of rotating its C1-C2 single bond via t(15-16) to form syn-
configured allylic intermediate t16 which can again isomerize to form 
more stable syn-configured allylic intermediate t17. The further rotation 
of C-O bond in t17 will lead to t4. The arrangement of the substituents in 
allylic intermediate t4 is in such a way that the product molecule p1 
produced will have a (Z) configuration. The extrusion of the carbon 
dioxide molecule from t4 results in the formation of intermediate t5 
containing a six-membered palladacycle ring with a Pd-O chelation. The 
possibility of CO2 extrusion from t17, which is a stable intermediate in the 
syn/anti isomerization process from t3 to t4, has been also taken into 
consideration. The CO2 extrusion from t17 will lead to the cyclic epoxide 
ring shown in the Figure 5.3.  
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Figure 5.2. Free energy profile (kcal/mol) of syn/anti isomerization 
process t3t4 through interconversion 
 
Figure 5.3. Free energy profile (kcal/mol) for the CO2 expulsion from t17 
to form epoxide intermediate t18 
Comparing the free energy values of t(4-5) and t(17-18), it is evident that 
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the CO2 extrusion is more feasible from t4 via transition state t(4-5) than 
from t7 via t(17-18). Subsequently the nucleophilic attack of the aniline 
occurs on the catalyst substrate complex t5. Initially aniline makes a 
hydrogen bond to the anionic oxygen center of t5 resulting in intermediate 
t6, which rearranges through proton transfer to intermediate t7. From t6 to 
the final product t8 there are two possible routes. The preferred one is 
stepwise, with first formation of an OH bond in intermediate t7 followed 
by a nucleophilic attack of an amide nucleophile through t(7-8). The 
concerted option (Figure 5.4) has a higher transition state, t(6-8) at 6.0 
kcal/mol, and is 3.3 kcal/mol above t(7-8) and must thus be discarded.  
 
 
Figure 5.4. Free energy profile (kcal/mol) for the concerted nucleophilic 
attack  
From intermediate t5, a pathway where the heterolytic NH cleavage 
leads to an intermediate with a PdN bond as in t14 (Scheme 5.7) could 
be envisaged. But intermediate t14 has a free energy of +4.7 kcal/mol. 
This is already 13.5 kcal/mol above the 9.3 kcal/mol of the competing 
transition state t(7-8) of the favored path. And any transition state 
connected to t14 should be even higher in energy. Thus, a hypothetic 
mechanism with the involvement of PdN bonds was discarded. 
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Scheme 5.7. Pathway involving heterolytic NH cleavage leads to an 
intermediate with a PdN bond. The relative free energies (kcal/mol) are 
given in parentheses 
The branched allylic amine t8´ shown in Figure 5.5, which could be 
possibly generated from intermediate t7 was also taken into consideration. 
The transition state t(7-8´) corresponding to this conversion has a barrier 
at 0.6 kcal/mol which is much higher in energy than the one (9.3 
kcal/mol) computed for t(7-8) which in turn suggests that only linear 
amine will be observed in this reaction. This again agrees with the 
experimental results of exclusive formation of linear allylic amines. The 
geometry of key transition states involved in the formation of Z-allylic 
amine p1 is given in Figure 5.6. 
 
 
Figure 5.5. Free energy profile (kcal/mol) for the formation of branched 
product from t7 
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Figure 5.6. Optimized geometries of the key transition states involved in 
the formation of Z-allylic amines p1. The relative free energies (kcal/mol) 
are given in parentheses. All distances are in Å 
 
5.3.1.2 Alternative Pathway from t3 Leading to the E-Allylic Amine 
The alternative pathway which directly leads to product from intermediate 
t3 without involving  interconversion process was also studied. 
This pathway leads to the E-allylic amine p2. The computed alternative 
cycle is given in Scheme 5.8. The geometry of key transition states 
involved in the formation of E-allylic amine p2 is shown in Figure 5.7 and 
the detailed free energy profile is supplied in Figure 5.8. The cycle is 
identical to the main cycle reported in Scheme 5.6 up to species t3. If the 
system does not undergo the  interconversion process, t3 will  
t(2-3) (-9.0) t(7-8) (-9.3) 
t(4-5) (-7.4) 
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL MECHANISTIC STUDIES ON THE TRANSITION METAL CATALYZED ACTIVATION OF CARBON DIOXIDE 
Rositha Kuniyil 
 
132 
 
 
Scheme 5.8. Computed overall mechanism for the formation of E-
configured allylic amine p2 
  
 
 
 
 
 
 
Figure 5.7. Optimized geometries of the key transition states involved in 
the formation of E-allylic amines p2. The relative free energies (kcal/mol) 
are given in parentheses. All distances are in Å 
t(3-9) (-2.8) 
t(12-13) (-5.3) 
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evolve to a species t9 containing an epoxide ring, which ultimately 
leads to a product in the E-configuration, p2 after the nucleophilic 
attack.  
5.3.1.3. Origin of Stereoselectivily 
Since the reaction is characterized by highly stereocontrolled 
product formation, it is important to find the explanation for the 
major driving factor for the specific formation of Z-allylic amines 
p2 over E-allylic amines p1. Close analysis of Figure 5.1 and 
Figure 5.8 reveals that irreversible CO2 extrusion plays a key role in 
controlling the product formation. The key competing transition 
states are t(4-5) for the conversion of t4t5 in the Z-pathway, and 
t(3-9) for the conversion of t3t9 in the E-pathway. In the Z-
pathway this barrier is 4.9 kcal/mol lower in energy, and therefore 
the formation of Z-allylic amine p1 at room temperature is favored 
(28). There is a 6-membered palladacyclic intermediate t5 in the Z-
pathway which is absent in the E-pathway. The presence of this 
palladacycle seems the key difference between the two paths. The 
structural features of t(4-5) emphasize the importance of PdO 
chelation (bond length is 2.15 Å) to reduce the energy barrier and 
plays a key role towards the kinetic differentiation between both 
pathways leading to the (Z) and (E) product respectively. This 
PdO chelation is not feasible going through t(3-9) of the E-
pathway.  
Another important aspect here to analyse is the syn/anti 
isomerization (29) of the allylPd species involved in the 
mechanism. The formation of pallacycle ring t5 happens only 
because of the favourable interconversion from t3 to t4. 
This isomerization process has an energy of -7.7 kcal/mol, close to 
t(4-5) and much than t(3-9). Thus, this means that syn/anti 
interconversion before CO2 extrusion is kinetically feasible. Even 
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though CO2 extrusion is an irreversible process; the system could 
still produce the E-allylic amine if the syn/anti isomerization were 
favourable after CO2 extrusion. So it is relevant to make a detailed 
analysis of the possible syn/anti isomerization of allylic 
intermediates in Figure 5.1 to those in Figure 5.8. We investigated 
the hypothetic conversions (t5t9), (t6t11) and (t7t12) that 
could take place after CO2 extrusion. The resulting profiles are 
shown in Figures 5.9, 5.10 and 5.11 respectively. 
 
Figure 5.9. Free energy profile (kcal/mol) of syn/anti isomerization 
process from t5t9 through  interconversion 
It can be seen in Figures 5.9, 5.10 and 5.11 that the corresponding 
intermediates with the highest free energies, t20, t24 and t26 are at 
-0.7, -3.0 and 3.2 kcal/mol respectively. This is significantly 
above than the competing transition state to reach p1, which is t(7-8) 
with an energy at 9.3 kcal/mol. Thus, with an additional free 
energy requirement of at least 8.6 kcal/mol, these isomerization 
reactions are clearly disfavored under the experimental conditions. 
In short, the optimized catalytic system kinetically favors the Z 
isomer through a lower energy transition state that results in the 
formation of a six-membered palladacycle intermediate with PdO  
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Figure 5.10. Free energy profile (kcal/mol) of syn/anti 
isomerization process from t6t11 through  interconversion 
 
Figure 5.11. Free energy profile (kcal/mol) of syn/anti 
isomerization process from t7t12 through interconversion 
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chelation. The formation of intermediate t5 is thus the key to the 
overall selectivity of the process. 
5.3.2 Conclusion 
The computed mechanism is in line with all experimental 
observations. DFT studies were used as a good tool in rationalizing 
the stereocontrol in these allylic amine formation reactions, and 
evidence is provided that the formation of a six-membered 
palladacyclic intermediate leads towards the formation of Z-
configured allylic amine products. The current mechanism is more 
sophisticated than previous proposals focused on zwittterionic 
species (4), and sheds light on a new mode of stereocontrol. This 
can facilitate the design of more efficient processes for the 
functionalization of allylic surrogates. 
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Part 2 
 
Palladium-Catalyzed Transformation of Cyclic 
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5.4 Pd-Catalyzed Transformation of Cyclic Carbonates to 
Allylic Aldehydes 
Quaternary (chiral) carbons are ubiquitous in natural products and 
pharmaceutically relevant compounds. The construction of highly 
functionalized all quaternary carbons represents however a 
challenging task (30). Decarboxylative construction of quaternary 
carbons has been realized in intramolecular fashion (31), but the 
more general intermolecular coupling of reaction partners 
generating highly functionalized quaternary carbons with new Csp
3
-
Csp
3
 bond formation via decarboxylative methodologies under mild 
conditions is still in its infancy (32). Previous work from the 
research groups by Tunge, Ooi and Zhang proved the possibility of 
a Pd-catalyzed additive-free decarboxylative construction of 
quaternary carbon centers via the reaction of electrophile and vinyl 
cyclic carbonate/carbamate under quite mild reaction conditions (4). 
Kleij and co-workers demonstrated experimentally that the 
coupling of two vinyl cyclic carbonates can take place upon the 
extrusion of two CO2 molecules resulting in a highly functionalized 
aldehyde product; the formation of this product features the 
construction of an otherwise synthetically challenging quaternary 
carbon center, a stereodefined multi-substituted allyl aldehyde 
fragment and also an aldehyde functionality (Scheme 5.9). Taking 
into account the high synthetic application potential (33) and 
interesting chemistry behind these complex scaffolds, this Pd-
catalyzed decarboxylative process is an excellent method towards 
the construction of highly functionalized quaternary carbon centers 
(Scheme 5.9). Our experimental colleagues found remarkable the 
dependence of the reactivity on the nature of the substrate. Some 
substrates (RK1, Scheme 5.9) produce as major product the allylic 
aldehyde species 1, where fragments from two molecules of 
substrate RK are integrated into each molecule of product. In 
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contrast, other substrates (RK2, Scheme 5.9), produce only traces of 
species 1, with the major product being aldehyde 2, resulting from a 
single molecule of substrate R. In this part 2 of this chapter 5, we 
will present the complete mechanistic study on this conversion of 
cyclic vinyl carbonate to allylic aldehydes. 
For our calculations in this part 2 of this chapter we used the 
same method and catalyst (derived from the White precursor and 
DPEPhos (L1)) that we used in our study on conversion of cyclic 
carbonates to allylic amines reported above in part 1. 
5.4.1 Results and Discussions 
 We studied the reaction with two different substrates, taken 
from the set of species experimentally investigated which are 
summarized in Scheme 5.9. The first substrate we studied was RK14,  
 
Scheme 5.9. Conversion of cyclic vinyl carbonates to allylic 
alcohol and aldehydes. Experimental results from the group of Kleij.  
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S=H (phenyl-substituted, denoted as Rp from here on) which gives 
allylic aldehyde 1 as the major product. The second one was RK21 
(naphthyl-substituted, denoted as Rn from here on) which gives an 
aldehyde 2 as the major product.  
The computed reaction mechanism happens to be quite complicated. 
Its main features are shown in a simplified version presented in 
Scheme 5.10 and Figure 5.12. Figure 5.12 shows the key species in 
the process. The cyclic vinyl carbonate has been labeled as R, The 
allylic aldehyde 1 has been labeled as D (dimer), and the 
monoaldehyde product 2 has been labeled as M2 (monomer 2). 
There is an additional aldehyde species, not observed  
 
Scheme 5.10. Computed overall mechanism for the formation of 
allylic aldehyde D and monoaldehyde M2 
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Figure 5.12. Structures of key intermediates in Scheme 5.10 
experimentally, which we have labeled as M1. The free energy 
profile will be discussed in three parts outlined in Figures 5.13, 5.14 
and 5.15. Figure 5.13 corresponds to the free energy profile for the 
reaction between t1 and R to produce M1 (which corresponds to 
the left part of the cycle in Scheme 5.10). Figure 5.14 corresponds 
to the second cycle which involves the reaction between t4 and M1 
to produce t8. This corresponds to the bottom part of the cycle in 
Scheme 5.10. The third part, shown in the Figure 5.15 deals with 
the conversion of t8 to either of the two possible products, D or M2. 
This corresponds to the boxed part in Scheme 5.10, covering the 
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species in equilibrium. Initially Substrate R coordinates to the 
catalyst t1 leading to the adduct t2. Unlike the favourable and 
necessary t3-t4 syn/anti isomerization in part 1, which is needed for 
the formation of palladacycle ring, here the isomerization occurs 
before the oxidative cleavage of cyclic carbonate by the rotation of 
C2-C3 single bond of t2. This leads to the formation of t2´ which is 
the isomer of t2. Further oxidative C-O cleavage takesplace in t(2'-
3) and carbon dioxide extrusion in t(3-4) ends up in the formation 
of 6-membered palladacycle ring t4 which follows the same path as 
discussed in part1. In the amination process, this intermediate t4 
reacted with aniline nucleophile and ended up in the formation of 
allylic amine products. In the current system there is no such 
additional nucleophile present. Instead the reactant R is present in 
excess. Even though there is excess of cyclic carbonate present in 
the system, it is however not nucleophilic enough to attack the t4 
and thus other alternative low energy paths should be considered. 
Intermediate t4 can rearrange to t5 through transition state t(4-5), 
which implies reversion of Pd(II) to Pd(0). The barrier from t4 to 
t(4-5) is not high (10.4 kcal/mol for Rp, 8.1 kcal/mol for Rn), but 
sufficient to preclude this step from taking place in the presence of 
a nucleophile. From t5, the aldehyde ligand then rearranges by the 
rotation of the C2-C3 single bond to intermediate t6, which is more 
stable than t5. Intermediate t6 will finally release intermediate M1 
from the system to recover t1. The overall step is clearly exergonic, 
26.2 kcal/mol for Rp, 25.9 kcal/mol for Rn.  
The resulting aldehyde M1 is sufficiently nucleophilic to 
attack t4 in the next cycle. The allylic proton of M1, which is quite 
acidic, is transferred to the alkoxy center in the t4 complex. The 
free energy indicated for t4 in Figure 5.14 (-46.5 and -46.0 kcal/mol 
for Rp and Rn respectively) is different from that in Figure 5.13 (-
20.4 and -20.1 kcal/mol for Rp and Rn respectively) because to 
reach this intermediate in Figure 5.14 an M1 molecule has been 
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liberated in the system. The free energy barrier in this step for the 
transfer of proton from M1 to t4 via t(7-8) is very low: 2.0 kcal/mol 
for Rp, 0.8 kcal/mol for Rn. This barrier is always much lower than 
that from t4 to t5 discussed in Figure 5.13. This shows that t4 will 
evolve to t8 if a nucleophile such as M1 is available. Thus, a 
second molecule of R is consumed to generate t4 which then reacts 
with M1 to generate intermediate t8. The overall step is mildly 
exergonic.  
 
Figure 5.14. Free energy profile (kcal/mol) for the generation of t8 
from t4 and M1. Values in black correspond to reactant Rp (R= 
phenyl) and values in blue correspond to reactant Rn (R= 
naphthalene)  
Intermediate t8, which incorporates two molecules of reactant, can 
rearrange to intermediate t11, and then release the allylic aldehyde 
D and recover the catalyst t1 along with the release of two 
molecules of CO2. A catalytic cycle can be made with these steps as 
showed in the outer circle in Scheme 5.10, going through t1, t4, t8 
and t11. In this evolution towards D (green path, Figure 5.15),
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the protonation of the alkoxylic oxygen breaks the metallacycle 
structure. A formally cationic organic fragment coordinates the 
metallic fragment, and the deprotonated external fragment moves 
around it until reaching a proper placement to make a carbon-
carbon bond in transition state t(10-11). Intermediate t11 has 
already product D in the metal coordination sphere.  
 There is an alternative evolution for intermediate t8. It may 
release aldehyde M2, and return to t4. M2 is significantly more 
stable than M1 (34). The palladacyle t4 then may release a unit of 
M1 and return to t1 to restart the cycle. Thus an alternative cycle 
can be constructed through t1, t4, t8, t4 and t6. This cycle 
consumes one molecule of reactant R and yields product M2 and a 
molecule of CO2. In this evolution towards M2 (red path, Figure 
5.15), the metallacycle structure is kept, and the deprotonated 
external fragment moves in the coordination sphere until properly 
placed to accept a proton and result in the departure of product M2 
and regeneration of the metallacycle t4. The geometry of key 
transition states involved in the formation of allylic aldehyde, D and 
monoaldehyde M2 for reactant Rp is given in Figure 5.16. 
 There are a lot of intermediates and transition states in 
Figure 5.15, but it is important to realize that all of them are in a 
close free energy span, meaning that all these species between t4, t8 
and t11 are in equilibrium. The system can move freely from t4 to 
t11 with a minimum energy cost, and the final state of the system 
will be decided by the free energy barriers associated to the exit 
channels from this equilibrium. There are two of these exit channels. 
The exit channel from t11 to t1 yields product D and the exit 
channel from t4 to t6 yields product M2. If the system leaves the 
equilibrium through release of D, the catalyst t1 will be regenerated, 
a new cycle will start and D will remain as product. It the system 
leaves the equilibrium through t(4-5), M2 will remain, and the   
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Figure 5.16. Optimized geometries of the important transition 
states involved in the formation of allylic aldehyde, D and 
monoaldehyde M2 for reactant Rp. Relative free energies (kcal/mol) 
are given in parentheses. All distances are in Å 
 
 
t(4-5) (-10.0) 
t(8-12) (-49.6) 
t(7-8) (-45.8) 
t(10-11) (-55.8) 
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catalyst will be regenerated via t6. The relative free energies 
associated to the exit channels are very close for both systems:         
-46.1/-47.5 kcal/mol for Rp, -47.7/-47.1 for Rn. This explains why 
the formation of both products is competitive. It also suggests a 
preference of product D for Rp, and a preference of product M2 for 
Rn. But it is difficult to predict product distribution merely based 
on the free energy profiles in such a complicated cycle, and because 
of this we used a microkinetic models to obtain quantitative 
predictions.  
5.4.2 Alternative Equilibrium Through t8' 
Figure 5.17 presents an alternative pathway to that reported in 
Figure 5.15 for the equilibrium connecting M2 plus t4 with t11. 
This path differs from the previous one in that it does not go 
through intermediate t8 but through an isomeric variation which we 
have labelled as t8'. The path in Figure 5.17 presents lower overall 
barrier, but it cannot completely replace that in Figure 5.15  because 
t8' is not accessible from the reaction between t4 and M1. This 
alternative path is not shown in the simplified mechanism in 
Scheme 5.10 but it has been included in the microkinetic modeling 
of the process. 
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5.4.3 Microkinetic Modelling 
We used the free energy profiles to compute rate constants and 
equilibrium constants for each step, and ran the calculation from the 
starting concentrations used in experiment.  
5.4.3.1 Microkinetic Modeling for the Reaction of Rp  
Table 5.1 collects the rate constants resulting from the application 
of the Eyring equation to the free energy barriers reported in the 
previous sections. We ran a simulation with these rate constants and 
starting concentrations 1.0 mmol/ml for R and 0.02 mmol/ml for t1. 
All the reactant was consumed in a very short time (less than sixty 
seconds). Reaction time was much shorter than in experiment, but 
this is because the likely rate limiting step is formation of the 
catalyst from the precursor, a step which is not considered in our 
model. The significant results were the final concentrations of 0.442 
mmol/ml for D and 0.112 for M2. This means that 88% of R was 
converted into D, and 12% was converted into M2, thus a ratio of 
88:12, close to experiment. 
5.4.3.2 Microkinetic Modeling for the Reaction of Rn 
Table 5.2 collects the rate constants resulting from the application 
of the Eyring equation to the free energy barriers reported in the 
previous sections. We ran a simulation with these rate constants and 
starting concentrations 1.0 mmol/ml for R and 0.02 mmol/ml for t1. 
All the reactant was consumed in a short time (nine hundred 
seconds). Reaction time was much shorter than in experiment as 
discussed in in the previous section. The significant results here 
were the concentrations of 0.0562 mmol/ml for D and 0.728 for M2 
and 0.159 for M2'. This means that 11% of R was converted into D, 
and 89% was converted into M2 + M2', thus a ratio of 11:89, close 
to experiment. 
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Table 5.1. Rate constants for each of the reaction steps considered in the 
microkinetic modeling of the reaction of Rp 
  Reaction Barrier 
(kcal/mol) 
Rate constant 
t1 + R = t2 0.01 6.1056E+12 
t2 = t3 10.5 123084.754 
t3 = t2 9.9 339131.0763 
t3 = t4 + CO2 5.8 345263220.9 
t4 = t6 10.4 145735.3191 
t6 = t1 + M1 14.6 120.8986726 
t4 + M1 = t8 2.0 2.1176E+011 
t8 = t11 0.6 2.2537E+12 
t11 = t8 11.4 26912.82408 
t11 = t1 + D 17.7 0.643049414 
t8 = t4 + M2´ 4.8 1869630832 
t4 + M2´ =  t8 4.9 1579047909 
M2´= M2 7 45480336.06 
M2 = M2´ 9 1551002.785 
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M2 + t4= t10´ 6.1 208002547.7 
t10´ = M2 + t4 11 52893.40068 
t10´ = t11 7.7 13941188.02 
t11= t0´ 11.5 22729.96245 
 
Table 5.1. Rate constants for each of the reaction steps considered in the 
microkinetic modeling of the reaction of Rn 
Reaction Barrier 
(kcal/mol) 
Rate constant 
t1 + R = t2 0.01 6.1056E+12 
t2 = t3 12.0 9767.78173 
t3 = t2 10.0 286422.4359 
t3 = t4 + CO2 5.6 484029048.7 
t4 = t6 8.1 7093450.9 
t6 = t1 + M1 17.0 2.097820029 
t4 + M1 = t8 0.8 1.6076E+12 
t8 = t11 1.5 4.9278E+11 
t11 = t8 11.9 11565.28929 
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t11 = t1 + D 20.4 0.006722168 
t8 = t4 + M2´ 5.4 678566687.3 
t4 + M2´ =  t8 3.2 27894895024 
m2´= M2 8.1 7093450.9 
M2 = M2´ 9 1551002.785 
M2 + t4= t10´ 5 1333628146 
t10´ = M2 + t4  12.2 6967.465671 
t10´ = t11 9.5 666514.8128 
t11= t10´ 12.8 2528.782698 
5.4.4 Dependence of Reactivity on the Nature of the Substrate 
We examined the optimized structures in search of a qualitative 
explanation for the product selectivity. There is no obvious steric 
influence from the phenyl/naphtyl replacement in any of them, as the 
extra ring in naphtyl points in all cases away from the rest of the atoms. 
In contrast, electronic effects are very likely having an effect in the 
structure of transition state t(4-5) in the exit channel leading to product 
M2. In this transition state, shown in Figure 5.16 for the system 
containing naphtyl, there is a hydrogen transfer between two carbon 
centers. One of these carbon centers, changing thus hybridization, is 
adjacent to the napthyl group, and this should account for a strong 
electronic influence. There is no such obvious electronic dependence in 
the exit channel leading to product D (Figure 5.15). Thus, electronic 
effects are likely the key to the selectivity between the two products. This 
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is indeed consistent with the experimental results reported above, where 
reactant K13, with a MeO-naphthyl substituent, was shown to behave 
similarly to Rp despite the large steric difference. 
5.4.5 Conclusion 
DFT calculations provide a complex mechanism that is able to reproduce 
with the help of microkinetic models the non-trivial dependence between 
the identity of the product and the nature of the substituents in the 
substrate. The ratios of products are close to the experimental observation 
suggesting the validity of our mechanistic proposal. These mechanistic 
insights can be further applied to develop new synthetic methodology to 
further construct highly functionalized quaternary carbon centers.  
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 We have shown that the mechanism of the relevant transition 
metal catalyzed CO2 activation can be successfully characterized by 
computational chemistry using the DFT approach. The B97D has been 
found to be a sufficient choice as functional. Geometry optimization with 
a double-zeta plus polarization basis set was found sufficient, as far as the 
results are refined by single point calculations with a larger basis set. The 
usage of multilayer method was successful in terms of computational cost 
without compromising the qualitative result for the systems with bulkier 
ligands. Microkinetic models were necessary to reproduce the ratio of 
products in selected cases with convoluted reaction mechanisms.  
 Concerning the specific reactions covered in this thesis, an in 
depth discussion on the conclusion has been covered in their respective 
chapters. In this section only the main points are summarized.  
Regarding the allene carboxylation reaction: 
 The reaction takes place through two interlinked catalytic cycles, 
one of them activates carbon dioxide, and the other one activates 
allene. The two cycles are interconnected by shared palladium 
intermediates and by the transfer of a formate intermediate 
between them.  
 AlEt3 assists all the important steps in the mechanism including 
allene insertion and CO2 activation 
On the reaction of carbon dioxide with siloxy silane: 
 The seemingly innocent counterion Cs
+
 in the fluoride salt plays a 
critical role lowering the free energy barriers in the reaction. 
 The reproduction of the experimental results requests the explicit 
introduction of the counterion and the solvent molecules in its first 
coordination sphere.  
Concerning the conversion of cyclic carbonates to Z-allylic amines and 
aldehydes: 
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 Stereocontrol is ruled by the formation of a six-membered 
palladacyclic intermediate that leads towards the formation of Z-
configured products. The reaction is complex and involves many 
competing steps. Syn-Anti isomerization of the contributing 
intermediates has been in particular studied in detail, and found to 
be possible before the selectivity-determing step but not after it.  
 The non-trivial dependence between the identity of the product and 
the nature of the substituents in the substrate requires the 
introduction of microkinetic models for its proper reproduction. 
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